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INTRODUCTION 


Derived from the immensely successful Heath/Zenith course, Microprocessors, 
this 8-Bit Microprocessor Programming course is designed to teach you the 
fundamentals of programming an 8-bit microprocessor-based system. 


The microprocessor unit (MPU), or as it is also known, the central processor unit 
(CPU) is the decision maker of the microcomputer system. The decisions made 
by the MPU are all based on the instructions of the programmer stored in 
memory. Although the MPU must communicate with many external input and 
Output devices to form a practical working system, it is the ability of the MPU to 
execute stored program instructions that form the foundation of computer power. 
A fundamental knowledge of programming is, therefore, essential to the under- 
standing of the microprocessor. 


Because of the wide variety of MPUs bcing used today, a thorough description 
of each is impractical. Therefore, this course will focus on the programming of a 
representative family of microprocessors: the Motorola 6800 scrics. 


These are called 8-bit microprocessors. That is, cach can handle data that con- 
tains eight binary bits of information. All of the microprocessors in the series use 
the same basic set of instructions (computer language), and the function of their 
control, address, and data pins is essentially identical. The primary differences 
are in how the clock, or MPU timing signals are handled, the presence of internal 
memory and peripheral functions, and power consumption of the chip. If some of 
the terms and concepts used here are unfamiliar to you, don’t worry, they will be 
described in detail in the course. 


This course is designed for use with the new ET-3800 (ETW-3800) microproces- 
sor trainer. Representing a significant advance over previous models, the ET- 
3800 has been optimized as a learning tool by combining many universally 
“generic” features and industry standards into a unique and versatile "hands-on" 
format. The trainer uses the Motorola MC68HC11A8 chip. Being one of the 
newest members of the MC6800 family, this chip uses HCMOS (high density, 
high performance silicon gate) technology to achicve low powcr consumption 
and highly sophisticated on-chip peripheral functions. Because of the on-chip 
memory and peripheral functions of the MC68HC11A8, it can be accurately 
referred to as a 8-Bit "Microcomputer" or "MCU." By convention, however, we 
will refer to the chip as a "microprocessor," because we are mainly interested in 
its programming. 


To complement the text, and complete your understanding of the course 
material, the twelve experiments in the student workbook have been carefully 
designed. After studying each unit, your Icarning will be significantly enhanced 
by performing the appropriate expcriments. Some of these may be relatively time 
consuming, however, the time you use to complete and understand the experi- 
ments will be time well spent. 
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COURSE OBJECTIVES 


After you have completed this course you will be able to: 


1. Recognize and define certain words, terms, expressions, and phrases 
associated with §8-bit microprocessors and microprocessor 
programming. 


2. Identify the main components of an elementary 8-bit microprocessor- 
based system and have an applied knowledge of their use, operation, 
and function. 


3. Understand other MC6800 family microprocessors in terms of their 
programming and general architecture. 


4. More easily comprehend the programming and architecture of other 
families of 8-bit microprocessors as an extension of your technical 
knowledge. 


5. Analyze a programming problem and develop a flowchart as a aid in its 
solution. 


6. Differentiate between the distinct instruction types of a microproces- 
sor. For example arithmetic instructions, logic instructions, etc. 


7. Name the main microprocessor registers, e.g. accumulator, index 
register, stack pointer, program counter, etc. 


8. Perform various microprocessor register operations. 

9. Write, edit, and debug elementary programs in assembly language 
mnemonics for the MC68HC11A8 microprocessor in the ET-3800 
MPU trainer. 


10. Choose between the available addressing modes for an instruction to 
Optimize an assembly program. 


11. Use and understand the microprocessor stack. 
12. Perform input/output (I/O) operations on the ET-3800 MPU trainer and 


begin to develop a fundamental understanding of microprocessor inter- 
facing as an extension of I/O operations. 
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COURSE OUTLINE 


Unit 1 — Microcomputer Basics 


Introduction 
Unit Objectives 
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MICROCOMPUTER BASICS 


INTRODUCTION 


A microprocessor is a very complex electronic circuit responsible for the 
programmed arithmetic and logic operations of a microcomputer system. It con- 
sists of hundreds of thousands of microscopic transistors squeezed onto a tiny 
chip of silicon that is often no more than one-eighth inch square. The chip is 
wired into an integrated circuit (IC) package usually containing 40 or more 
leads. 


The thousands of transistors that make up the microprocessor are arranged to 
form many different kinds of circuits within the chip. From the standpoint of 
learning how the microprocessor operates, the most important circuits on the 
chip are registers, counters, and decoders. In this unit, you will learn how these 
circuits can work together to perform simple but useful tasks. 


In addition to the standard circuits characteristic of all microprocessors, the 
MC68HC11A8 or 68HC11 that you will be learning to program in this course 
contains many other circuits. These include on-chip Read Only Memory (ROM), 
Random Access Memory (RAM), Electrically Erasable Programmable Read 
Only Memory (EEPROM), a Serial Peripheral Interface (SPI) circuit, a Serial 
Communications Interface (SCI), an Analog to Digital (A/D) Converter, Timer 
system, multiple port interfacing circuit, and others used primarily in 
microprocessor interfacing applications. Because we are mainly concerned with 
microprocessor programming in this course, a complete discussion of the inter- 
facing applications of the 68HC11 is contained in the 8-Bit Microprocessor In- 
terfacing and Applications course by Heath/Zenith Educational Systems. 


As you lear and progress through this unit (and course) you should be aware of 
several things happening. You will find yourself becoming more familiar with 
standard microprocessor and programming terms. Many of these apply to all 
microprocessors in general, but some are very specific to the 68HC11 as used in 
the ET-3800 trainer. You will also be learning and using the programming in- 
structions of 68HC11. You should recognize that many other microprocessor 
units (other than the 68HC11) have equivalent instructions to perform the same 
kinds of operations as those you will be learning here. In this sense, the program- 
ming proficiency that you gain in this course will enable you to understand and 
program a wide variety of other microprocessors. You will also find that, al- 
though there are many different kinds of microprocessors available, many com- 
mon or similar hardware features exist from one to another. The learning you 
begin here should be an ongoing process. 
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UNIT OBJECTIVES 


When you have completed this unit you will be able to: 


1. Recognize and explain the differences between a microprocessor and 
microcomputer in reference to their respective block diagrams. 


LZ. Define the terms: microprocessor, microcomputer, input, output, I/O, I/O 
device, I/O port, instruction, program, stored program concept, word, byte, 
MPU, ALU, operand, memory, address, read, write, RAM, fetch, execute, 
mnemonic, opcode, and bus. 


3 Explain the purpose of the following circuits in a typical microprocessor: 
accumulator, program counter, instruction decoder, controller sequencer, 
data register, and address register. 


4. Using a simplified block diagram of a hypothetical microprocessor, trace 
the data flow that takes place between the various circuits during the ex- 
ecution of a simple program. 


a Write simple, straight-line programs that can be executed by the ET-3800 
Microprocessor Trainer. 
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TERMS AND CONVENTIONS 


A microprocessor is a logic device that is used in digital electronic systems. It is 
also being used by hobbyists, experimenters and low-budget research groups as a 
low-cost, general-purpose computer. But a distinction should be made between 
the microprocessor and the microcomputer. 


The microprocessor unit, or MPU, is a complex logic element that performs 
arithmetic, logic, and control operations. The trend is to package it as a single 
integrated circuit. 


A microcomputer contains a microprocessor, but it also contains other circuits 
such as memory devices to store information, interface adapters to connect it 
with the outside world, and a clock to act as a master timer for the system. Fig- 
ure 1-1 shows a typical microcomputer in which these additional circuits are 
added. The arrows represent conductors over which binary information flows. 
The wide arrows represent several conductors connected in parallel. A group of 
parallel conductors which carry information is called a bus. 
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A Basic Microcomputer 
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The microcomputer is composed of everything inside the dotted line. The 
MC68HC11A8 chip used in this course actually contains these features in a 
single chip and, hence, is technically referred to as a microcomputer unit or 
MCU. From a programmers viewpoint, however, we will retain the term 
microprocessor unit (MPU), as mentioned in the course Introduction. 


Everything outside the dotted line in Figure 1-1 is referred to as the outside 
world, and all microcomputers must have some means of communicating with 
it. Information received by the microcomputer from the outside world is referred 
to as input data. Information transmitted to the outside world from the 
microcomputer is referred to as output data. Input information may come from 
devices like paper tape readers, various kinds of transducers, mechanical 
switches, keyboards, or even other computers. Output information may be sent to 
video displays, output typewriters, paper tape punches, or line printers. Some 
devices such as the teletypewriter can serve as both an input and an output 
device. These devices are referred to as input/output or I/O devices. The point 
at which the I/O device connects to the microcomputer is called an I/O port. The 
construction and use of I/O ports, though beyond the scope of this course, is 
central to the subject of microprocessor interfacing and applications. 


Stored Program Concept 


A microcomputer is capable of performing many different operations. It can add 
and subtract numbers and it can perform logical operations. It can read informa- 
tion from an input device and transmit information to an output device. In fact, 
depending on the microprocessor used, there may be 100 or more different op- 
erations that the microcomputer can perform. Moreover, two or more individual 
Operations can be combined to perform much more complex operations. 


In spite of all its capabilities, the computer will do nothing on its own accord. It 
will do only what it is told to do, nothing more and nothing less. You must tell 
the computer exactly what operations to perform and the order in which it should 
perform them. The operations that the computer can be told to perform are called 
instructions. A few typical instructions are add, subtract, load index register, 
store accumulator, and stop. 


A group of instructions that allow the computer to perform a specific job is 
called a program. One who writes these instructions is called a programmer. 
To design with microprocessors, the engineer must learn to program. To repair 
microprocessor-based equipment, the technician must understand programming. 
Generally, the length of the program is proportional to the complexity of the task 
that the computer is to perform. A program for adding a list of numbers may 
require only a dozen instructions. On the other hand, a program for controlling 
all the traffic lights in a small city may require thousands of instructions. 


A computer is often compared to a calculator, which is told what to do by the 
operator via the keyboard. Even inexpensive calculators can perform several 
Operations that can be compared to instructions in the computer. By depressing 
the right keys, you can instruct the calculator to add, subtract, multiply, divide, 
and clear the display. Of course, you must also enter the numbers that are to be 
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added, subtracted, etc. With the calculator, you can add a list of numbers as 
quickly as you can enter the numbers and the instructions. That is, the operation 
is limited by the speed and accuracy of the operator. 


From the start, computer designers recognized that it was the human operator 
that slowed the computation process. To overcome this, the stored program 
concept was developed. Using this approach, the program is stored in the com- 
puter’s memory. Suppose, for example, that you have 20 numbers that are to be 
manipulated by a program that is composed of 100 instructions. Let’s further 
suppose that 10 answers will be produced in the process. 


Before any computation begins, the 100-instruction program plus the 20 numbers 
are loaded into the computer’s memory. Furthermore, 10 memory locations are 
reserved for the 10 answers. Only then is the computer allowed to execute the 
program. The actual computation time might be less than one millisecond. Com- 
pare this to the time that it would take to manually enter the instructions and 
numbers, one at a time, while the computer is running. This automatic operation 
is one of the features that distinguishes the computer from the simple, non- 
programmable, calculator 


Computer Words 


In computer terminology, a word is a group of binary digits that can occupy a 
storage location. Although the word may be made up of individual binary digits, 
the computer handles each word as if it were a single unit. Thus, the word is the 
fundamental unit of information used in the computer. 


A word may be a binary number that is to be handled as data. Or, the word may 
be an instruction that tells the computer which operation it is to perform. It may 
be an ASCII character representing a letter of the alphabet. Finally, a word can 
be an "address" that tells the computer where a piece of data is located. 


Word Length 


In the past few years, a wide variety of microprocessors have been developed. 
Their cost and capabilities vary widely. One of the most important characteristics 
of any microprocessor is the word length it can handle. This refers to the length 
in bits of the most fundamental unit of information. 


Although many 16 bit and 32 bit microprocessors exist today, a very common 
word length for microprocessors continues to be 8 bits. In these units; numbers, 
addresses, instructions, and data are represented by 8-bit binary numbers. The 
lowest 8-bit binary number is 0000 0000, or 00,,. The highest is 1111 1111, or 
FF. In decimal, this range is from 0 to 255,). Thus, an 8-bit binary number can 
have any one of 256,, unique values. 
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An 8-bit word can specify positive numbers between 0 and 255,). Or, if the 8-bit 
word is an instruction, it can specify any of 256,, possible operations. It is also 


entirely possible that the 8-bit word is an ASCII character. In this case, it can 
represent letters of the alphabet, punctuation marks, or numerals. As you can see, 
the 8-bit word can represent many different things, depending on how it is inter- 
preted. The programmer must insure that an ASCII character or binary number is 
not interpreted as an instruction. Later, you will see the consequences of making 
this mistake. 


While the 8-bit word length is very popular, other word lengths are sometimes 
used. The earliest microprocessor used a 4-bit word length, and four-bit 
microprocessors are still used in many cases because of their low cost. A few 
12-bit and many 16 bit and 32 bit microprocessors have also been developed. 


Longer word lengths allow us to work with larger numbers using a single word. 
For example, a 16-bit word can represent numbers up to 65,535,,. However, this 


capability adds to the complexity of the microprocessor. Because many common 
microprocessors use 8-bit word lengths, we will restrict our discussion to units of 
this type. 


It should be pointed out that just because the word length is 8-bits, it does not 
mean that we are restricted to numbers below 256, . It simply means that you 


must use two or more words to represent larger numbers. 


The 8-bit word length defines the size of many different components in the 
microprocessor system. For example, many of the important registers will have 
8-bit capacity. Memory will be capable of holding a large number of 8-bit words. 
And, the bus which is used to transfer data words will consist of eight parallel 
conductors. 
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Even 16-bit microprocessors use 8-bit segments of data in many applications. 
For example, inputs from teletypewriters often consist of 8-bit ASCII characters. 
To distinguish these 8-bit segments of information from the 16-bit (or longer) 
word lengths, another term has come into general use: the term byte. A byte is a 
group of bits that are handled as a single unit. Generally, a byte is understood to 
consist of 8-bits. In the 8-bit microprocessor, each word consists of one byte. But 
in the 16-bit machines, each word contains two bytes. Figure 1-2 illustrates these 
points. 
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Figure 1-2 
Words and Bytes. 


Figure 1-2 also shows how the bits that make up the computer word are num- 
bered. The least significant bit (LSB) is on the right while the most significant 
bit (MSB) is on the left. In the 8-bit word, the bits are numbered O through 7 
from right to left. In the 16-bit word, the bits are numbered 0 through 15 as 
shown. The lower 8-bits are called the lower order byte while the upper 8-bits 
are Called the higher order byte. 
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Self-Test Review 


1. Explain the difference between a microprocessor and a microcomputer. 
ta What is a bus? 

2. Explain the difference between input and output data. 

4. Define I/O and I/O device. 


a. The point at which data enters or leaves the computer is called an I/O 
6. The operations that the computer can be told to perform are called 


ca What is a program? 

8. Explain what is meant by "stored program concept." 
9. A byte generally consists of bits. 
10. A computer word may consist of one or more 


11. What is the largest number that can be represented by an 8-bit computer 
word? By a 16-bit word? 
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Answers 


10. 


Li. 


A microprocessor is a logic element that can perform a variety of arith- 
metic, control, and logic operations. A microcomputer is a system that 
consists of a microprocessor, memory, interface adapters, clock, etc. 


A bus is a group of conductors over which information can be transmitted. 
The conductors may be wires in a cable, foil patterns on a printed circuit 
board, or microscopic metal deposits in a silicon chip. 


Input data is information that is entered into the computer from the outside 
world. Output data is information that is transmitted from the computer to 
the outside world. The outside world is defined as anything outside the 
computer. 


I/O is the abbreviation for input-output. Thus, a device that can send data 
to and accept data from the computer is called an I/O device. 


Port. 
Instructions. 


A program is a group of instructions that tell the computer the operations 
to be performed and the sequence in which they are to be performed. 


The stored program concept refers to the technique of storing the instruc- 
tion to be performed in the memory section along with the data that is to 
be operated upon. 

8. 

Bytes. 


1111 1111, or 255,, or FFyg. 1111 1111 1111 1111, or 65,535, or 
FFFF j. 
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AN ELEMENTARY MICROCOMPUTER 


One of the difficulties you may encounter in learning about a microcomputer for 
the first time is the complexity of its main component —— the microprocessor. 
The microprocessor may have a dozen or more registers varying in size from 1 
bit to 16 bits. It will have dozens of instructions, most of which can be imple- 
mented several different ways. It will have data, address, and control buses. In 
short, it can be very intimidating to start out by considering a full-blown 
microprocessor. 


A better approach is to start with a "stripped down" version. By initially omitting 
some of the processor’s advanced features, we arrive at a device that can be 
readily understood and yet maintains the characteristics of an actual 
microprocessor. Strictly speaking, the microprocessor developed in this unit is 
hypothetical in nature. However, it is so close to the real thing that the programs 
we develop for it will actually run on the ET-3800 Microprocessor Trainer. Also, 
as you will see later, a popular microprocessor in use today is a vastly advanced 
version of our elementary model. 


A block diagram of a basic microcomputer is shown in Figure 1-3, which shows 
the microprocessor, the memory, and the I/O circuitry. For simplicity, we will 
ignore the I/O circuitry in this unit. We can do this by assuming that the program 
and data are already in memory and that the results of any computations will be 
held in a register or stored in memory. Ultimately of course, the program and 
data must come from the outside world and the results must be sent to the out- 
side world. But we will save these procedures until a later unit. This will allow 
us to concentrate on the microprocessor unit and the memory. 
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Figure 1-3 


The Basic Microcomputer 
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The Microprocessor Unit (MPU) 


The microprocessor unit is shown in greater detail in Figure 1-4. For simplicity, 
only the major registers and circuits are shown. In our elementary unit most of 
the counters, registers and buses are 8-bits wide. That is, they can accomodate 
8-bit words. 
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Figure 1-4 


An Elementary Microprocessor. 
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One of the most important circuits in the microprocessor is the arithmetic logic 
unit (ALU). Its purpose is to perform arithmetic or logic operations on the data 
words that are delivered to it. The ALU has two main inputs. One comes from a 
register called the accumulator, and the other comes from the data register. The 
ALU can add the two input data words together, or it can subtract one from the 
other. It can also perform some logic operations which will be discussed in later 
units. The operation that the ALU performs is determined by signals on the vari- 
ous control lines (marked C on the block diagram). 


Generally, the ALU receives two 8-bit binary numbers from the accumulator and 
the data register as shown in Figure 1-5A. Because some operation is performed 
on these data words, the two inputs are called operands. 
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Figure 1-5 
The Arithmetic Logic Unit. 
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The two operands may be added, subtracted, or compared in some way, and the 
result of the operation is stored back in the accumulator. For example, assume 
that two numbers (7 and 9) are to be added. Before the numbers can be added, 
One operand (9) is placed in the accumulator; the other (7) is placed in the data 
register. The proper control line is then activated to implement the add operation. 
The ALU adds the two numbers together, producing their sum (16,,) at the out- 


put. As shown in Figure 1-5B, the sum is stored in the accumulator, replacing the 
operand that was originally stored there. Notice that all the numbers involved are 
in binary form. 


The accumulator is the most useful register in the microprocessor. During arith- 
metic and logic operations it performs a dual function. Before the operation, it 
holds one of the operands. After the operation, it holds the resulting sum, dif- 
ference, or logical answer. The accumulator receives several instructions in 
every microprocessor. For example, the "load accumulator" instruction causes 
the contents of some specified memory location to be transferred to the ac- 
cumulator. The "store accumulator" instruction causes the contents of the ac- 
cumulator to be stored at some specified location in memory. 


The data register is a temporary storage location for data going to or coming 
from the data bus. For example, it holds an instruction while the instruction is 
being decoded. Also, it holds a data byte while the word is being stored in 
memory. 


The MPU also contains several other important registers and circuits: the address 
register, the program counter, the instruction decoder, and the controller- 
sequencer. These are shown in Figure 1-4. 


The address register is another temporary storage location. It holds the address 
of the memory location or I/O device that is used in the operation presently being 
performed. 


The program counter controls the sequence in which the instructions in a pro- 
gram are performed. Normally, it does this by counting in the sequence, 0, 1, 2, 
3, 4, etc. At any given instant, the count indicates the location in memory from 
which the next byte of information is to be taken. 


The instruction decoder does just what its name implies. After an instruction is 
pulled from memory and placed in the data register, the instruction is decoded by 
this circuit. The decoder examines the 8-bit code and decides which operation is 
to be performed. 


The controller-sequencer produces a variety of control signals to carry out the 
instruction. Since each instruction is different, a different combination of control 
Signals is produced for each instruction. This circuit determines the sequence of 
events necessary to complete the operation described by the instruction. 


Later you will see how these various circuits work together to execute simple 
programs. But first, take a closer look at the memory for our microcomputer. 
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Memory 


A simplified diagram of the 256-word, 8-bit read/write memory that is used in 
our hypothetical microcomputer is shown in Figure 1-6. The memory consists of 
256, locations, each of which can store an 8-bit word. This size memory is often 


referred to as 256 X 8. A read/write memory is one in which data can be written 
in and read out with equal ease. 
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Figure 1-6 
The Random Access Memory. 


Two buses and a number of control lines connect the memory with the 
microprocessor unit. The address bus will carry an 8-bit binary number, which 
can specify 256,, locations, from the MPU to the memory address decoder. Each 


location is assigned a unique number called its address. The first location is 
given the address 0. The last location is given the address 255,,, which is 1111 


1111 in binary and FF in hexadecimal. A specific location is selected by placing 
its 8-bit address on the address bus. The address decoder decodes the 8-bit num- 
ber and selects the proper memory location. 


The memory also receives a control signal from the MPU. This signal tells the 
memory the operation that is to be performed. A READ signal indicates that the 
selected location is to be read out. This means that the 8-bit number contained in 
the selected location is to be placed on the data bus where it can be transferred to 
the MPU. 
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The procedure is illustrated in Figure 1-7. Assume that the MPU is to read out 
the contents of memory location 04,,. Let’s further assume that the number 
stored there is 97,,. First, the MPU places the address 04,, on the address bus. 
The decoder recognizes the address and selects the proper memory location. 
Second, the MPU sends a READ signal to the memory, indicating that the con- 
tents of the selected location are to be placed on the data bus. Third, the memory 
responds by placing the number 97,, on the data bus. The MPU can then pick up 


the number and use it as needed. 
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Figure 1-7 
Reading from Memory. 


It should be pointed out that the process of reading out a memory location does 
not disturb the contents of that location. That is, the number 97,, will still be 
present at memory location 04 after the read operation is finished. This charac- 
teristic is referred to as nondestructive readout (NDRO). It is an important fea- 
ture because it allows us to read out the same data as many times as needed. 
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The MPU can also initiate a WRITE operation. This procedure is illustrated in 
Figure 1-8. During a WRITE operation, a data word is taken from the data bus 
and placed in the selected memory location. For example, let’s see how the MPU 
can store the number 52,, at memory location 03. First, the MPU places the ad- 
dress 03 on the address bus. The decoder responds by selecting memory location 
Q3. Second, the MPU places the number 52,, on the data bus. Third, the MPU 
sends the WRITE signal. The memory responds by storing the number contained 
on the data bus in the selected location. That is, 52), is stored in location 03. The 
previous contents of the selected location are lost as the new number is written in 
that location. 
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Figure 1-8 
Wniting into Memory. 


The accepted name for a memory of this type is Random Access Memory 
(RAM). "Random access" means that all memory locations are equally acces- 
sible. However, in recent years RAM has come to mean a random access read/ 
write memory. As you will see later, there is another type of memory called a 
read only memory (ROM). It is also randomly accessible, but it does not have a 
write capability. Today, the accepted definition of RAM is a random access 
read/write memory. A read only memory, although it is randomly accessible, is 
called a ROM and never a RAM. 
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Fetch-Execute Sequence 


When the microcomputer is executing a program, it goes through a fundamental 
sequence that is repeated over and over again. Recall that a program consists of 
instructions that tell the microcomputer exactly what operations to perform. 
These instructions must be stored in an orderly manner in memory. Instructions 
must be fetched, one at a time, from memory by the MPU. The instruction is 
then executed by the MPU. 


The operation of the microcomputer can be broken down into two phases, as 
shown in Figure 1-9. When the microprocessor is initially started, it enters the 
fetch phase. During the fetch phase, an instruction is taken from memory and 
decoded by the MPU. Once the instruction is decoded, the MPU switches to the 
execute phase. During this phase, the MPU carries out the operation dictated by 
the instruction. 


Figure 1-9 
The Fetch-Execute Sequence. 


The fetch phase always consists of the same series of operations. Thus, it always 
takes the same amount of time. However, the execute phase will consist of dif- 
ferent sequences of events, depending on what type of instruction is being ex- 
ecuted. Thus, the time of the execute phase may vary considerably from one 
instruction to the next. 


A Sample Program 


Now that you have a general idea of the registers and circuits found in a 
microcomputer, we will examine how all these circuits work together to execute 
a simple program. At this point, we are primarily interested in showing you how 
the microcomputer operates. Therefore, the program will be a very trivial one. 


Let’s see how the computer goes about solving a problem like 7 + 10 = ? While 
this seems like an incredibly easy problem, the computer, if left to its own 
resources, does not have the foggiest notion of how to solve it. You must tell the 
computer how to solve the problem right down to the smallest detail. You do this 
by writing a program. 
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Before you can write the program you must know what instructions are available 
to you and the computer. Every microprocessor comes with a listing of its in- 
struction set. Assume that, after looking over the list, you decide that three in- 
structions are necessary to solve the problem. These three instructions and a 
description of what they do are shown in Figure 1-10. 


| NAME MNEMONIC | OPCODE DESCRIPTION 


Load Accumulator 1000 01 10, Load the contents of the next memory 
or location into the accumulator. 


Add the contents of the next memory 


location to the present contents of the 
accumulator. Place the sum in the 
accumulator. 


Stop all operations. 


Figure 1-10 
Instructions Used in the Sample Program. 


The first column in the table gives the name of the instruction. When writing 
programs, it is often inconvenient to write out the entire name. For this reason, 
each instruction is given an abbreviation or a memory aid called a mnemonic. 
The mnemonics are given in the second column. The third column is called the 
Operation code or opcode. This is the binary number that the computer and the 
programmer use to represent the instruction. The opcode is given in both binary 
and hexadecimal form. The final column describes exactly what operation is 
performed when the instruction is executed. Study this table carefully; you will 
be using these instructions over and over again. 


Assume that you wish to add 7 to 10,, and place the sum in the accumulator. The 


program is an elementary one. First you will load 7 into the accumulator with the 
LDA instruction. Next, you will add 10,, to the accumulator using the ADD 


instruction. Finally, you will stop the computer using the STOP (stop) 
instruction. 


Using the mnemonics and the decimal representation of the numbers to be 
added, the program looks like this: 


LDA 7 
ADD 10 
STOP 


Unfortunately, the basic microcomputer cannot understand mnemonics or 
decimal numbers. It can interpret binary numbers and nothing else. Thus, you 
must write the program as a sequence of binary numbers. You can do this by 
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replacing each mnemonic with its corresponding opcode and each decimal num- 


ber with its binary counterpart. 


That is: 


LDA 7 


And: 


ADD 10 


Finally, 


STOP 


becomes 


becomes 


becomes 


1000 0110 
opcode from 
Figure 1-10 


1000 1011 
opcode from 
Figure 1-10 


1100 1111 
opcode from 
Figure 1-10 


0000 0111 
binary representation 
for 7 


0000 1010 
binary representation 
for 10,, 


Notice that the program consists of three instructions. The first two instructions 
have two parts: an 8-bit opcode followed by an 8-bit operand. The operands are 


the two numbers that are to be added (7 and 10,9). 


Recall that the microprocessor and memory work with 8-bit words or bytes. Be- 
cause the first two instructions consist of 16-bits of information, they must be 
broken into two 8-bit bytes before they can be stored in memory. Thus, when the 


program is stored in memory, it will look like this: 


1st Instruction 


2nd Instruction 


3rd Instruction 


1000 0110 Opcode for LDA 
0000 0111 Operand (7) 
1000 1011 Opcode for ADD 
0000 1010 Operand (109) 


1100 1111 Opcode for STOP 


Five bytes of memory are required. You can store this 5-byte program any place 
in memory you like. Assuming you store it at the first five memory locations, the 
memory can be diagrammed as shown in Figure 1-11. 


ADDRESS MEMORY 
BINARY 
HEX BINARY CONTENTS MNEMONICS/CONTENTS 
00 0000 0000 100001 1,0 LDA 
01 0000 0001 0000011 1 7 
02 0000 0010 10001011 ADD 
03 0000 0011 00001010 10,6 


04 0000 0100 


FD 11111101 
rE 11111110 
FF 11111111 


Figure 1-11 
The Program in Memory. 


Notice that each memory location has two 8-bit binary numbers associated with 
it. One is its address, the other is its contents. Be careful not to confuse these two 
numbers. The address is fixed. It is established when the microcomputer is built. 
However, the contents may be changed at any time by storing new data. 


Before you see how this program is executed, let’s review the material covered 
in this section. 
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Self-Test Review 

12. The circuit in the microprocessor that performs arithmetic and logic opera- 
tions is called the 

13. The numbers that are operated upon by the computer are called 

14. | Where are the two operands held as they are transferred to the ALU? 

15. Where is the result held after an arithmetic operation? 

16. Which register in the MPU holds the instruction while the opcode is being 
decoded? 

17. Which circuit in the MPU determines the memory location from which the 
next byte of information will be taken? 

18. Which register holds the address while it is being decoded? 

19. How many memory locations can be specified by an 8-bit address? 

20. Explain the 3-step procedure for writing the number 34,, into memory 
location 9. 

21. Define mnemonic. 

22. Define opcode. 

23. Define RAM. 

24. An instruction is retrieved from memory and decoded during the 

phase. 
25. The operation indicated by the instruction is carried out during the 
phase. 

26. In our hypothetical microcomputer, the mnemonic for the load ac- 
cumulator instruction is 

27. The opcode for the STOP instruction is 

28. When the ADD instruction is executed, where is the SUM stored? 
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29. How many memory locations are required to store the following program? 


LDA 131 
ADD 17, 
ADD 10, 
STOP 


30. What will be the contents of the accumulator after this program is 
executed? 
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Answers 
12. Arithmetic logic unit (ALU). 
13. Operands. 
14. One is held in the accumulator; the other in the data register. 
15. In the accumulator. 
16. Data register. 
17. The program counter. 
18. The address register. 
19, 2°= 256, 
20. Step 1. The address 9 is placed on the address bus. 
Step 2. The data 34,, is placed on the data bus. 
Step 3. The read/write line is switched to the write state. 
21. A mnemonic is an abbreviation or memory aid. 
22. Anopcode is a binary number that tells the microprocessor which instruc- 
tion to execute. 
23. RAM has come to mean a random access read/write memory. 
24. Fetch. 
25. Execute. 
26. LDA. 
27. 11001111, or CF,.¢. 
28. Inthe accumulator. 
29. Seven. 
30.  28,,, 40), or 101000, 


Microcomputer Basics 1 -2/ 


EXECUTING A PROGRAM 


Before a program can be run, it must be placed in memory. Later, you will see 
how this is done. For now, assume that we have already loaded the program de- 
veloped in the previous section. 


The important registers of the microcomputer are shown in Figure 1-12. Notice 
that our 5-byte program for adding 7,, and 10,, is shown in memory. The fol- 


lowing paragraphs will take you through the step-by-step procedure by which the 
computer executes this program. 
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Figure 1-12 
The Program Counter is Set to the Address 
of the First Instruction. 


To begin executing the program, the program counter must be set to the address 
of the first instruction. In this case, the first instruction is in memory location 
0000 0000, so the program counter is set accordingly. The procedure for setting 
the program counter to the proper address will be discussed later. 
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The Fetch Phase 


The first step is to fetch the first instruction from memory. The sequence of 
events that happen during the fetch phase is controlled by the controller- 
sequencer. It produces a number of control signals which will cause the events 
illustrated in Figure 1-13 through 1-17 to occur. 


First the contents of the program counter are transferred to the address register as 
shown in Figure 1-13. Recall that this is the address of the first instruction. 
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Figure 1-13 
The Contents of the Program Counter are 
Transferred to the Address Register. 
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Once the address is safely in the address register, the program counter is incre- 
mented by one. That is, its contents change from Q000 0000 to 0000 0001 
(Figure 1-14). Notice that this does not change the contents of the address regis- 
ter in any way. 
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Figure 1-14 


The Program Counter is Incremented. 
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Next, the contents of the address register (QO00 OO000) are placed on the address 
bus (Figure 1-15). The memory circuits decode the address and select memory 
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Figure 1-15 
The Address of the First Instruction is 
Placed on the Address Bus. 
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The contents of the selected memory location are placed on the data bus and 
transferred to the data register in the MPU. After this operation, the opcode for 
the LDA instruction will be in the data register as shown in Figure 1-16. 
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Figure 1-16 
The Opcode of the First Instruction is 
Placed on the Data Bus. 
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The next step is to decode the instruction (Figure 1-17). The opcode is trans- 
ferred to the instruction decoder. This circuit recognizes that the opcode is that 
of an LDA instruction. It informs the controller-sequencer of this fact and the 
sequencer produces the necessary control pulses to carry out the instruction. This 
completes the fetch phase of the first instruction. 
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Figure 1-17 
The Opcode is Decoded. 
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The Execute Phase 


The first instruction was fetched from memory and decoded during the fetch 
phase. The MPU now knows that this is an LDA instruction. During the execute 
phase, it must carry out this instruction by reading out the next byte of memory 
and placing it in the accumulator. 


The first step is to transfer the address of the next byte from the program counter 
to the address register (Figure 1-18). You will recall that the program counter 
was incremented to the proper address (0000 0001) during the previous fetch 
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Figure 1-18 
The Contents of the Program Counter are 
Transferred to the Address Register. 
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The next two operations are shown in Figure 1-19. First, the program counter is 
incremented to 0000 0010 in anticipation of the next fetch phase. Second, the 
contents of the address register (0000 0001) are placed on the address bus. 
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Figure 1-19 
The Program Counter is Incremented; 
the Contents of the Address Register 
are Placed on the Address Bus. 
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The address is decoded and the contents of memory location 0000 0001 are 
loaded into the data register as shown in Figure 1-20. Recall that this is the num- 
ber 7. An instant later, the number is transferred to the accumulator. Thus, the 
first execute phase ends with the number 7 in the accumulator. 
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Figure 1-20 
The First Operand is Transferred to the 
Accumulator Via the Data Register. 
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Fetching the Add Instruction 


The next instruction in our program is the ADD instruction. It is fetched from 
memory using the same procedure outlined above. Figure 1-21 illustrates this 
five-step procedure: 


iB 


The contents of the program counter (O000 0010) are transferred to 
the address register. 


The program counter is incremented to 0000 0011. 
The address is placed on the address bus. 


The contents of the selected memory location are transferred to the 
data register. 


The contents of the data register are decoded by the instruction 
decoder. 
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Figure 1-21 
Fetching the ADD instruction. 


The data word fetched from memory is the opcode for the ADD instruction. 
Thus, the controller-sequencer produces the necessary control pulses to execute 
this instruction. 


Executing the Add Instruction 


The execution of the ADD instruction is a six-step procedure. This procedure is 
illustrated in Figure 1-22. 


i. 


SA. 


SB. 


The contents of the program counter (0000 0011) are transferred to 
the address register. 


The program counter is incremented to 0000 0100 in anticipation of 
the next fetch phase. 


The address of the operand is placed on the address bus. 


The operand (10,,) is transferred to the data register. 
The operand (10,,)) is transferred into one input of the ALU. 


Simultaneously, the other operand (7,,) is transferred from the ac- 
cumulator to the other input of the ALU. 


The ALU adds the two operands. Their sum (0001 0001, or 17,,) is 
loaded into the accumulator, overwriting the number (7,,) that was 
previously stored there. 
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Figure 1-22 
Executing the ADD Instruction. 


The computation portion of our program ends with the sum of the two operands 
in the accumulator. However, the program is not finished until it tells the com- 
puter to stop executing instructions. 
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Fetching and Executing the STOP Instruction 


The final instruction in the program is a STOP instruction. It is fetched using the 
same fetch procedure as before. The five steps are illustrated in Figure 1-23. The 
address comes from the program counter via the address register. When this 
address is placed on the address bus, memory location 0000 0100 is read out and 
the opcode for STOP is loaded into the data register. The opcode is decoded and 
the instruction is executed. 


The execution of the STOP instruction places the computer in a low power con- 
sumption or stop mode. The controller-sequencer then stops producing control 
signals. Consequently, the computer operations stop. Notice that the program has 
accomplished our objective of adding 7,, to 10,9. The resulting sum, 17,5, is in 


the accumulator. 
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Figure 1-23 
Fetching and Executing the STOP Instruction. 
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Self-Test Review 


Examine this sample program carefully and answer the questions below: 


ahs 


aL: 


33. 


34. 


a2; 


36. 


a7. 


38. 


39. 


40. 


LDA 8 
ADD 7 
ADD 4 
STOP 


During the first fetch phase, what binary number is loaded into the data 
register? 


During the first execute phase the number 0000 1000, is loaded into the 
During the second fetch phase, what binary number is loaded into the data 
register? 


If the first byte of the program is placed in address 0000 0000, what is the 
address of the first ADD instruction? 


How many bytes of memory are taken up by the program? 
What number is in the accumulator during the third fetch phase? 


When the program is finished running, what number is in the 
accumulator? 


What is the final number in the program counter? 
What are the final contents of the address register? 


What are the final contents of the data register? 
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Answers 


31. The opcode for the LDA instruction, 1000 0110,. 


32. Accumulator. 


33. The opcode for ADD, 1000 1011,. 
34. 0000 0010,. 


35. Seven. 


36. 15,, or 0000 1111,. 
37. 19), or 0001 0011,. 
38. 7), or 0000 0111,,. 
39. 6), or 0000 0110,. 


40. The opcode for the STOP instruction, 1100 1111,. 
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UNIT 1 SUMMARY 

1. A microprocessor is a logic device that is used in digital electronic 
Systems. 

2. The microprocessor is the "brains" of the microcomputer. It performs 
arithmetic, logic, and control operations. 

3 The microcomputer is composed of RAM, ROM, a clock, and an I/O 
interface. 

4, Parallel conductors within the microcomputer that carry address and data 
information are called a bus. 

~ The microcomputer communicates with the "outside world" through one 
or more I/O ports. 

6. The operation of the microprocessor is controlled by a list of instructions 
called a program. 

do One who writes these instructions is called a programmer. 

8. The computer program is stored outside of the computer and later loaded 
into memory when needed to perform an operation. This is known as the 
stored program concept. 

9. A computer word is a group of binary bits. It is the fundamental unit of 
information used in the computer. 

10. A very common word length is eight bits. Thus, an 8-bit binary word can 
have any one of 256,, unique values. It can also represent any of the 128 
ASCII code characters. 

11. Some microprocessors use a 4-bit word length, while others may use a 
12-bit, 16-bit, or 32-bit word length. 

12. A 16-bit word can represent 65,536,, unique values. 

13. The 8-bit word length defines the size of many different components in 
the microprocessor/microcomputer system. Many important microproces- 
sor registers have an 8-bit capacity, and the bus which is used to transfer 
data words consists of eight parallel conductors. 

14. Microprocessors that use 16-bit words also use 8-bit segments of data. 
These 8-bit segments are called bytes. 

15. <A 16-bit word is composed of two 8-bit bytes. The first eight bits in a 


16-bit word is called the low byte, while the last eight bits is called the 
high byte. 
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16. The bits in an 8-bit byte or word are numbered from 0 through 7, with 0 
being the least significant bit. In a 16-bit word, the bits are numbered from 
0 through 15. 


17. The microprocessor (MPU) contains many specialized circuits. They in- 
clude the data register, the instruction decoder, the controller-sequencer, 
arithmetic logic unit (ALU), program counter, address register, and 
accumulator. 


18. The ALU performs arithmetic or logic operations on the data supplied to 
the MPU. The data supplied to the ALU are called operands. 


19. The accumulator is a specialized register that performs two functions. 
First, it is used to hold an operand before it is processed by the ALU. 
Second, it is used to store the result of the ALU process. 


20. Specific MPU instructions load data into the accumulator from memory 
and store data from the accumulator into memory. 


21. The data register is a temporary storage location for data going to or com- 
ing from the data bus. 


22. The address register is a temporary storage location that holds the address 
of the memory location or I/O port that is used in the operation that is 
presently being performed. 


23. The program counter controls the sequence the instructions in a program 
are executed. 


24. The instruction decoder decodes the instruction pulled from memory to 
determine the operation the MPU will perform. 


25. The controller-sequencer determines the sequence of events necessary to 
complete the operation described by the program instruction. 


26. Memory is a Series of locations outside the MPU where program data and 
instructions are stored. If the MPU operates on 8-bit words, each memory 
location contains storage for eight bits of data. 


27. Memory size is identified by the number of storage locations and the num- 
ber of data bits that can be stored in one location. A 256 X 8 memory con- 
tains 256,, storage locations, each eight bits wide. 


28. Two buses connect memory to the MPU. One bus is used to transfer data 
to and from the MPU, the other is used by the MPU to address a specific 
memory location. 


29. Reading the contents of a memory will not destroy the contents of that 
memory location. This is known and nondestructive readout (NDRO). 


30. Youcan read from or write to random access memory (RAM). 
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ols 


32. 


ci 


34. 


he 


36. 


a1. 


You can only read from read only memory (ROM). 


When executing a program, the MPU goes through a fundamental se- 
quence of steps or phases called the fetch-execute sequence. 


In the fetch phase, the MPU reads and decodes an instruction from 
memory, or it reads data from or writes data to memory. Either operation 
always takes the same amount of time. 


In the execute phase, the MPU performs the operation described by the 
instruction. The time to perform the operation will vary with the 
operation. 


A mnemonic is an abbreviation or memory aid used by a programmer for 
identifying an instruction. 


An opcode is the number or value assigned to a mnemonic. Each 
mnemonic has its own opcode. This is the information that is decoded by 
the MPU. 


An instruction operand is the data that the MPU will process during the 
execution of an instruction. 


Unit 2 


ADDRESSING MODES 
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Unit 2 


ADDRESSING MODES 


INTRODUCTION 


If you examine the program discussed in the previous unit, you will find that it 
uses two distinctly different types of instructions. One type of instruction re- 
quires an operand. LDA and ADD are examples of this type. These are two-byte 
instructions. The first byte is the opcode; the second is the operand. 


Microprocessors also have single-byte instructions. STOP is a good example. 
This instruction requires no operand; thus, it can be implemented with a single 
byte. 


Instructions can be classified in several different ways. One of the most basic 
distinctions is their addressing mode. The addressing mode refers to the method 
by which an instruction addresses its operand or references memory. The 
68HC11A8 MPU in the ET-3800 trainer may be used with a total of six different 
addressing modes. These are called the /nherent or Implied, Jmmediate, Direct, 
Extended, Indexed, and Relative addressing modes. In this unit you will study the 
characteristics of the Inherent, Immediate, and Direct addressing modes. The 
extended and indexed modes will be discussed in Unit 4 along with the specific 
instructions that use these addressing modes. The relative addressing mode is 
used with branch instructions and will be discussed in the next unit of this 
course. As you study and learn this material, keep in mind that although some 
68HC11 instructions have only one addressing mode, many have two or more. 
Complete information about all of the addressing modes possible for each 
68HC11 instruction can be found in Appendix A, or the MC68HC11A8 
Programming Reference Guide. 
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UNIT OBJECTIVES 
I. Describe the difference between inherent, immediate, and _ direct 
addressing. 


a Explain the main features of inherent or implied addressing. 


3. Define MPU cycle. 


4. Discuss addressing modes in terms of MPU cycles. 
a Explain the main features of the direct addressing mode. 
6. Demonstrate the use and characteristics of different addressing modes by 


writing and analyzing simple assembly language programs. 
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INHERENT OR IMPLIED ADDRESSING 


This refers to single-byte instructions that have no operand or the operand is 
implied by the opcode itself. For example, the STOP instruction has no operand 
at all. However, some single-byte instructions may have an implied operand. An 
example is the "increment accumulator" instruction. The number that is operated 
upon (incremented) is the number in the accumulator. This instruction simply 
adds one to the contents of the accumulator. This type of addressing will be re- 
ferred to in this course as implied addressing or inherent addressing. The op- 
erations performed during an instruction of this type are illustrated in Figure 2-1. 


=o 
Bo Ie 
a ry 
=o 
“el ee 
— Fri 


Za _— 

P \ 
{FETCH 
| NEXT 


\ 
bial 
we 


| 


| 
/ 


DECODE 
INSTRUCTION 


FETCH PHASE EXECUTE PHASE 


Figure 2-1 
Operations Performed in the Inherent 
or Implied Addressing Mode. 
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Immediate Addressing 


In our previous program (Unit 1), the two-byte instructions use the immediate 
addressing mode. In this mode, the operand is the byte immediately following 
the opcode. That is, the byte of data that is to be operated upon is the second byte 
of the instruction. When these two-byte instructions are stored in memory, the 
address of the operand is the memory location following the opcode. The opera- 
tions performed during this type of instruction are illustrated in Figure 2-2. 
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Figure 2-2 
Operations Performed in the Immediate 
Addressing Mode. 


The inherent and immediate addressing modes have two advantages. First, they 
require littke memory space; one and two bytes respectively. This is important 
because memory locations cost money. Generally, the less memory space taken 
by a program, the better off we are. Second, these addressing modes require a 
minimum of execution time. The execution time can become important in long 
programs. 
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The time required for an instruction to be fetched and executed is often given in 
MPU cycles. We will define an MPU cycle as the minimum time (typically 
specified in nanoseconds) required to fetch a data byte from memory. Thus, the 
fetch phase of an instruction requires one MPU cycle. In inherent and immediate 
addressing modes, the execute phase also requires one MPU cycle. Therefore, 
the minimum time required to fetch and execute any instruction is two MPU 
cycles. As you will see later, other addressing modes will require more MPU 
cycles. 


Because of their fast execution time and their efficient use of memory, the inher- 
ent and immediate modes of addressing should be used wherever possible. 
However, there are many situations in which these addressing modes are simply 
not suitable. For this reason, every microprocessor will have instructions which 
use other addressing modes. 


Direct Addressing 


Most computer operations involve an operand. To realize its full potential, the 
computer must be able to manipulate the operand in many different ways. Imme- 
diate addressing of an operand is most useful when the operand is a constant that 
is used by only one instruction in the program. In this case, the operand can be 
placed immediately after that instruction’s opcode. 


However, there are many cases in which the operand is a variable which may be 
operated upon by many different instructions. In these cases, the immediate ad- 
dressing mode is simply not practical and a more sophisticated form of address- 
ing is necessary. 


One way of solving this problem is to use the direct addressing mode. In this 
mode, an instruction requires two bytes of memory. The first byte is the opcode 
of the instruction just as before. However, the second byte is not the operand. 
Instead, the second byte is the address of the operand. The format of the instruc- 
tion as it appears in memory is shown in Figure 2-3. 


First Byte [ | | [| [ | [ | Jorcove 
seconp BYTE [ | | | | | [ [_] ADpRESs OF OPERAND 


Figure 2-3 
Format of an Instruction which uses 
the Direct Addressing Mode. 


Three typical direct-addressing-mode instructions are listed in Figure 2-4. The 
first is the load accumulator instruction (LDA). Read the description carefully 
and note the difference between this instruction and the LDA immediate instruc- 
tion discussed earlier. An example of each may help. In the immediate address- 
ing mode, the instruction 


LDA 50,, 


means "load 50,, into the accumulator." But in the direct addressing mode, the 
Same instruction means "load the number at memory location 50,, into the 
accumulator." 


Load Accumulator 100010110, | Load the contents of the memory 
or location whose address is given by 
9646 the next byte into the accumulator. 


1001 1011, Add the contents of the memory 
or location whose address is given by 
9By¢ the next byte to the present contents 
of the accumulator. Place the sum in 
the accumulator. 


Store Accumulator 10010111, Store the contents of the accumulator 
or in the memory location whose 
9716 address is given by the next byte. 


Figure 2-4 
Direct Addressing Mode Instructions. 


You may have noticed that this instruction has a different opcode from the LDA 
immediate instruction. This is necessary to tell the MPU the exact nature of the 
instruction. That is, the opcode tells the MPU the addressing mode as well as the 
operation that is to be performed. 


The ADD instruction also has a slightly different meaning in the direct address- 
ing mode. Recall that, in the immediate addressing mode, 


ADD 10,5 


means "add 10; to the contents of the accumulator." However, in the direct 
addressing mode. 


ADD 10, 


means "add the contents of memory location 10,, to the contents of the ac- 


cumulator." Once again, the opcode tells the MPU the addressing mode. An op- 
code of 8B,, means ADD immediate whereas an opcode of 9B,, means ADD 


direct. 


Addressing Modes 


The last instruction shown is a store accumulator (STA) instruction. It tells the 
MPU to store the contents of the accumulator in the address indicated by the 
second byte of the instruction. 


For example: 


STA 20, 


means "store the contents of the accumulator in memory location 20,,." Because 


the second byte of the instruction must be an address, there is no STA immediate 
instruction. 


The direct addressing mode instructions require one or more additional MPU 
cycles to execute. A typical fetch-execute sequence is illustrated in Figure 2-5. 
The instruction fetch is the same regardless of the addressing mode. However, 
the execution phase is extended since the MPU must first obtain the address of 
the operand from memory and then retrieve the operand itself from memory. 
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Figure 2-5 
Most Direct Addressing Mode Instructions 
Require Three MPU Cycles. 


Direct addressing generally requires more memory and longer execution times. 
However, there are many cases in which the added flexibility makes direct ad- 
dressing worthwhile in spite of these disadvantages. 


F ee 
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Self-Test Review 


1. What addressing mode is used by single byte instructions? 


De In the immediate addressing mode, what is the second byte of the 
instruction? 


a In the direct addressing mode, what is the second byte of the instruction? 
4. In all addressing modes, what is the first byte of the instruction? 
=F Define MPU cycle. 


6. Which of the three addressing modes discussed so far requires the longest 
execution time? 


7 What are two advantages of using the inherent and immediate addressing 
modes wherever possible in a program? 
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Answers 


1. Inherent or implied. 

va The operand. 

3. The address of the operand. 

4. The opcode. 

a, An MPU cycle is the time required to fetch a byte from memory. 
6. The direct addressing mode. 


iF The inherent and immediate addressing modes offer fast execution time 
and efficient use of memory. 
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SAMPLE PROGRAM USING DIRECT ADDRESSING 


The differences between direct and immediate addressing can be illustrated by a 
sample program. Earlier we examined a program which added two numbers (7 
and 10). The sum was placed in the accumulator. Now let’s look at the same 
program using direct addressing, only this time the sum will be stored in 
memory. 


Figure 2-6 shows the program as it would look when stored in memory. Assume 


that we have arbitrarily stored the program starting at memory location or ad- 
dress 0001 0000, (16,,). Addresses 16,, and 17,, contain the first instruction: 


LDA 23,, 


BINARY BINARY MNEMONICS/ 
ADDRESS CONTENTS CONTENTS 


0001 0000 10010110 | LDA , 
0001 0001 e0010171 |. 2a,, J ‘st Mneimetian 
0001 0010 10011011 | ADD | 
0001 0011 00011000 | 24,, } 2nd instruction 
0001 0100 10010111. | STA | 
0001 0101 00011001 | 25 } ord Instruction 
0001 0110 1100 1111 STOP} 4th Instruction 

0001 0111 00000111 | 745 nets 

0001 1000 00001010 | 104, 

0001 1001 0000 0000 Reserved for sum 


Figure 2-6 
Sample Program Using Direct Addressing. 


The instruction tells the MPU to load the contents of memory location 23,, into 
the accumulator. Looking down to address 23,, (0001 0111,), you see that it 


contains the operand 7, Thus, the first instruction causes 7 to be loaded into the 
accumulator. 


The second instruction is in memory locations 18,, and 19, . It is: 
ADD 24,, 


This tells the MPU to add the number at address 24,, to the number in the ac- 
cumulator. Address 24,, (0001 1000,) contains the number 10,,. Therefore, the 
second instruction causes 10,, to be added to the contents of the accumulator. 
The sum (17,,) is placed back in the accumulator. 


The third instruction, in locations 20,, and 21,9, is: 


STA 2515 
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This tells the MPU to store the contents of the accumulator in memory location 
25,9: After this instruction is executed, the number 17,, will appear in location 


7 


The final instruction tells the MPU to wait. The program illustrates the value of 
the STOP instruction. Let’s assume that the STOP instruction is inadvertently 
omitted. In this case, the MPU would fetch the next byte in sequence and attempt 
to execute it as if it were an instruction. The next byte is the number 7,,. This is 
a data word and was never intended to be an instruction. Nevertheless, the MPU 
probably has an instruction with an opcode of 7,). After executing this instruc- 
tion, the MPU will continue to fetch and attempt to execute whatever it finds in 
the remaining locations. Without a STOP instruction, it has no way of knowing 
where the instructions end and data begins. This can lead to problems, however, 
you will see later (Unit 7) that the 68HC11 has an //llegal Opcode Trap interrupt 
to avoid the execution of non-instructions. 


Executing the Sample Program 


The data flow within the microcomputer is slightly different for the direct ad- 
dressing mode. Figure 2-7 shows several of the data paths within the microcom- 
puter. Using this type of diagram, let’s examine the data manipulations that oc- 
cur during the execution of our sample program. 


Notice that our program is loaded in memory starting at address 16,,). The pro- 
gram counter is set to 16,9, So the MPU is ready to begin executing the program. 


The first fetch phase is illustrated in Figure 2-7. During this phase: 


1. The contents of the program counter are loaded into the address 
register. 


2. The program counter is incremented to 17,5. 


3. The contents of the address register are placed on the address bus. 


4. The contents of the selected memory location are transferred via the 
data bus to the data register. 


5. The contents of the data register are decoded. 


6. The MPU recognizes that an LDA direct operation is indicated. This 
concludes the fetch phase. 
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Figure 2-7 
Fetching the Opcode of the First Instruction. 
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UNIT TWO 


The execute phase has two parts when direct addressing is indicated. Figure 2-8 
illustrates the first half of the execute phase. During this half: 


1. The contents of the program counter are transferred to the address 
register. This number is the memory location that holds the address 
of the operand. 


2. The program counter is incremented to 18, . 


3. The contents of the address register are placed on the address bus. 


4. The contents of the selected memory location are placed on the data 
bus. However, in the direct addressing mode, this data is transferred 
to the address register. Thus, 23,,) goes into the address register, 


replacing the previous contents. After this cycle, the address register 
will appear as shown in Figure 2-9. 
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Figure 2-8 
Fetching the Address of the First Operand 
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UNIT TWO 


During the second half of the execute phase, the operand is loaded into the ac- 
cumulator as shown in Figure 2-9. The procedure is: 


1. The address of the operand which is in the address register is placed 
on the address bus. 


2. The operand is read out of memory location 23,, and is transferred 
via the data bus to the data register. 


3. The operand is transferred from the data register to the accumulator. 


This completes the execution of the first instruction. Notice that the first operand 
(7,9) is now in the accumulator. 
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Figure 2-9 
Fetching the First Operand. 
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The fetch phase for the second instruction is similar to that of the first. As shown 
in Figure 2-10, it causes the opcode of the ADD instruction to be read out of 
address 18,,. The opcode is transferred to the instruction decoder via the data 


bus and data register. In the process, the program counter is incremented to 19, 
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Figure 2-10 
Fetching the Opcode of the Second Instruction. 
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The first half of the execute phase is illustrated in Figure 2-11. Here, the address 
of the second operand is read out of memory location 19,, and is placed in the 


address register. 
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Figure 2-11 
Fetching the Address of the Second Operand. 
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Figure 2-12 illustrates the second cycle of the execute phase. Here the address of 
the second operand is transferred from the address register to the address bus. 
The address is 24,,. Therefore, the contents of location 24,, are placed on the 


data bus and transferred to the data register. That is, the second operand 10,, is 


loaded into the data register. Then, the operand from the data register is made 
available at one input to the ALU. Simultaneously, the first operand which has 
been waiting in the accumulator is made available at the other input to the ALU. 
The ALU adds the two operands together, producing a result of 17,,. This sum is 


put back in the accumulator, replacing the previous number. 
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Figure 2-12 
Adding the Two Operands. 
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Now all that remains is to place the sum in memory. This is done by the STA 
25,9 instruction. Since this is the next instruction in sequence, it will be fetched 


and executed next. The fetch phase is illustrated in Figure 2-13. It ends with the 
STA opcode being decoded. 
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Figure 2-13 
Fetching the Third Opcode. 
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The first half of the execution phase of the STA instruction involves loading the 
address of the storage location into the address register. Figure 2-14 illustrates 
that this four-step procedure is identical to that performed for the previous two 
instructions. It ends with the address 25,, in the address register. 
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Figure 2-14 
Fetching the Third Address. 
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During the final half of the execute phase, the contents of the accumulator are 
transferred to the data register and are then stored in the selected memory loca- 
tion. We have not yet discussed this operation in detail. Therefore, the step-by- 
Step procedure is presented below. Refer to Figure 2-15 for the following steps: 


1. The contents of the accumulator (17,)) are transferred to the data 
register. At this point, the number 17,, exists in both the accumulator 
and the data register. 


2. The address at which this data is to be stored is placed on the address 
bus. 


3. The contents of the data register are placed on the data bus. 


4. The number on the data bus is written into the selected memory loca- 
tion. That is, 17,, is written into memory location 25, . 


Notice that, after this operation, the number 17,, appears at memory location 
25,40: but it also appears in the accumulator. Thus, the number is merely "copied" 
into memory. It is also important to note that the previous contents of memory 
location 25,, are lost whenever you write new data into this location. For this 


reason, you must be certain that you do not write into a location that contains an 
instruction or some byte of data that you will need later. 


The program has now accomplished its goal. It has added 10 to 7 and has stored 
the sum back in memory. The last step in the program is the STOP instruction. 
The MPU fetches and executes this instruction next. The fetch and execute se- 
quence for this instruction were discussed earlier and need not be repeated here. 
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Figure 2-15 
Storing the Sum. 
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Combining Addressing Modes 


When writing programs, you can use the addressing mode that best suits your 

| application. For example, the program that was just discussed can be shortened 
by using the immediate addressing mode with the first two instructions. Figure 
2-16 compares two programs that do the same job. 


Using direct addressing only, the program required ten bytes of memory. It’s 
| execution requires eleven MPU cycles. If you use immediate addressing for the 
first two instructions, the program requires eight bytes of memory. Furthermore, 
it can be executed in nine MPU cycles. Everything else being equal, the second 
approach would probably be preferred. 


A. USING DIRECT ADDRESSING 


Load accumulator direct with operand 1 
which is stored at this address. 
Add to accumulator direct with operand 
2 which is stored at this address. 
Store the sum 

| at this address. 

Stop. 
Operand 1 
Operand 2 
Reserved for sum. 


Load accumulator immediately with 
| Operand 1. 
| Add to accumulator immediately with 
Operand 2. 
Store the sum 
| at this address 
| Stop. 
Reserved for sum. 


Figure 2-16 
By Combining the Addressing Modes, We Can 
Save Memory Space And Computer Time. 
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Self-Test Review 


8. Refer to Figure 2-16A. What number is loaded into the accumulator by the 
first instruction? 


9. What number is added to the accumulator by the second instruction? 
10. How is the STOP (stop) instruction generally used in a program? 
11. When the computer stops, what number will be in memory location 09? 


12. Refer to Figure 2-16B. When the computer stops, what number will be in 
memory location 07? 
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Answers 


8. = 21,6 or 3349. 
9. 176 OF 234. 


10. The STOP (stop) instruction is generally used to signal the end of a 
program. 


11. = 3846 or 56,9. 


12. 3846 OF 5646. 
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UNIT 2 SUMMARY 
1. | The time required for an instruction to be fetched and executed is often 
given in MPU cycles. 


Z. An instruction addressing mode refers to the method the MPU uses to 
address an instruction’s operand. 


>. In the inherent or implied addressing mode, the instruction has no operand 
or the operand is implied by the instruction opcode. 


4. In the immediate addressing mode, the opcrand is stored in the next se- 
quential memory location following the instruction opcode. 


a The immediate and inherent modes of addressing have the fastest execu- 
tion times and require less memory than the direct addressing mode. 


6. In the direct addressing mode, the next sequential memory location does 
not contain the operand. Rather, it contains the address of the operand, or 
the address of the memory location where the operand will be stored. 


fe Direct addressing generally requires longer execution time (more MPU 
cycles) and more memory than the immediate or inherent modes. 


8. Many instructions can be written using different addressing modes. That 
is, you can use immediate addressing to add a value to the accumulator or 
you can use direct addressing to add a value to the accumulator. 


Unit 3 


INTRODUCTION TO PROGRAMMING 
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Unit 3 


INTRODUCTION 
TO PROGRAMMING 


INTRODUCTION 


In the final analysis there are only two things you can do with a microprocessor. 
You can program it and you can interface it with the outside world. In this 
course, you mainly learn to program the microprocessor*. This unit, along with 
the associated experiments, will serve as an introduction to programming. 


The programs you encounter in this unit are simple enough that anyone can un- 
derstand them, and yet they illustrate many important concepts. By studying 
these programs, you will develop an understanding of how the microprocessor 
handles complex tasks. At the same time, you will gain practice using the in- 
struction set. 


As an introduction to programming the MC68HC11, a detailed discussion of all 
of its instructions will not be presented in this unit. In this unit you will learn 
about programming languages, program branching and conditional branching, 
Strategies of microcomputer programming (e.g. flowcharting symbols and 
methods), algorithms, and certain specific instructions along with their possible 
addressing modes. A proper understanding of these instructions and topics will 
provide you with a solid foundation to continue your studies of subsequent units. 


* Unit 7 provides an introduction to microprocessor interfacing through a discussion of Input/ 
Output (I/O) operations. For specific instruction on MPU interfacing please see the 8-Bit 
Microprocessor Interfacing and Applications (EE-3820) course by Heath/Zenith Educational 
Systems. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


L, Explain the difference between machine language, assembly language, 
interpretive language, and compiler language. 


Ln Define computer program, instruction set, opcode, mnemonics, and 
BASIC. 


2 Draw the symbols used in flow charting and explain the purpose of each. 


4. Develop flow charts that illustrate step-by-step procedures for solving 
simple problems. 


au Explain the purpose of conditional and unconditional branching. 


6. Using the block diagram of the hypothetical microprocessor, trace the data 
flow during the execution of a branch instruction. 


7. Compute the proper relative address for branching forward or backward 
from one point to another in a program. 


8. Explain the purpose of the carry, negative, zero, and overflow flags. Give 
an example of a situation that can cause each to be set and another ex- 
ample that will cause each to clear. List eight instructions that test one of 
these flags. 


9. Write programs that can: multiply by repeated addition; divide by repeated 
subtraction; convert binary to BCD; convert BCD to binary; add 
multiple-precision numbers; subtract multiple-precision numbers; add 
BCD numbers. 
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PROGRAMMING LANGUAGES 


All computers, no matter how simple or complex, operate from instructions. A 
set of computer instructions to accomplish a certain task is referred to as a com- 
puter program. In general, programs can be written in a wide variety of different 
languages known as programming languages. 


Two levels of programming languages are widely recognized. The first and 
lowest level is known as machine language or machine code. This consists of 
ones and zeros of binary information and is the only language that is directly 
understood by the MPU. A machine coded program instruction consists of an 
eight-bit byte (in 8-bit systems) of machine code. The instruction set of a 
microprocessor is a listing of all the instructions it can execute. Because these 
instructions are executed as binary codes, each is said to have its own specific 
Operation code or, opcode. The hexadecimal (hex) equivalent of binary is often 
used to represent these codes for convenience. 


Because it would be a time consuming and tedious task to always write entire 
programs in machine code, higher level languages have been devised to make 
programming faster and easier. Assembly language is a computer language that 
uses grouped alphabetic characters called mnemonics as a direct substitute for 
the purely numeric instructions of machine code. For example, whereas the bi- 
nary opcode 11001111 (CF hex) instructs the MC68HC11A8 processor in the 
ET-3800 Trainer to STOP, execution of the STOP instruction either as an al- 
phabetic mnemonic STOP or hex shorthand (CF) accomplishes exactly the same 
Outcome and is easier to remember and use. An assembler program translates the 
assembly language into machine code for the MPU. Most of the programming 
done in this course will be assembly language programming. The complete in- 
struction set, along with hex shorthand and mnemonics, for the MC68HC11A8 is 
given in Appendix A and the Programming Reference Guide supplied with this 
course. 


Other higher level languages allow you to use words or phrases to program com- 
mands. There are two general types of high level languages: compiled and inter- 
preted. Compiled languages require a program called a compiler to read the lan- 
guage code and generate machine code that performs the specified operations. 
Some common high-level compiler languages are FORTRAN, COBOL, and 
Pascal. These and others are widely used throughout industry and academia. 
Interpreted languages are run by a program called an interpreter that generates 
and executes the machine code in small pieces, usually one line at a time. The 
most common interpreter language is BASIC (Beginners All purpose Symbolic 
Instruction Code). Higher level languages can be much easier to learn and use 
than low level languages because their code is closer to the English language and 
a few commands can create many operations. Lower level languages have the 
advantages of execution speed and minimal memory use over high level lan- 
guages, such as BASIC, which are relatively slower and require more memory to 
execute. 
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Self-Test Review 

1. To operate, a computer must be supplied with 

Le Define computer program. 

3. How many levels of programming languages are generally recognized? 
4. What is machine code and which level language is it considered? 

a What is the instruction set of a microprocessor? 

6. What is assembly language, and what level is it considered? 

fz What is the mnemonic for the "stop" instruction? 


8. Name two general types of high level languages. 
0, What is BASIC an acronym for? 


10. What are two advantages of using machine language in favor of a higher 
level language such as BASIC. 
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Answers 

1. Instructions. 

i A set of computer instructions to accomplish a certain task is referred to as 
a computer program. 

a. Two levels of programming languages are generally recognized. 

4. Machine code consists of ones and zeros of binary information and is the 
only language directly "understood" by the microprocessor. It is a low 
level language. 

~3 The instruction set of a microprocessor is a listing of all the instructions it 
can execute. 

6. Assembly language is a high level computer language that uses grouped 
alphabetic characters called mnemonics. 

re STOP. 

8. Two general types of high-level languages are compiled and interpreted 
| computer languages. 

9. BASIC is an acronym for Beginners All Purpose Symbolic Instruction 
Code. 

| 10. Machine language has the advantage of faster execution speed and more 


efficient use of memory over a higher level language such as BASIC. 
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BRANCHING 


The programs discussed earlier were all "straight line" programs; the instructions 
were executed one after another in the order in which they were wnitten. Pro- 
grams of this type are extremely limited because they use only a fraction of the 
microprocessor’s power. 


The real power of the microprocessor comes from its ability to execute a section 
of a program over and over again. In an earlier program we saw that two num- 
bers could be multiplied by repeated addition. As long as the numbers are very 
small and we know the value of the two numbers, we can write a "straight line" 
program to multiply the numbers. For example, 9 could be multiplied by 4 with 
the following program: 


Address Instruction/Data Comments 
00 LDA 09 Load direct 
O2 ADD 09 Add direct 
04 ADD 09 Add direct 
06 ADD 09 Add direct 
08 STOP 
09 09 


This technique is very crude for a number of reasons. If the two numbers are 
large, such as 98 and 112, the number of ADD instructions becomes excessive. 
Moreover, the values of the two numbers to be multiplied are generally not 
known. Therefore, even if we were willing to write enough ADD instructions, 
we simply would not know how many to write. Obviously, some better tech- 
nique must be available. 


A technique that is used in virtually every program is called looping. This allows 
a section of the program to be run as often as needed. Every microprocessor has 
a group of instructions called JUMP or BRANCH instructions that allow it to 
execute these program loops. These allow the microprocessor to escape the nor- 
mal instruction sequence. 


The microprocessor discussed in this course has both jump and branch instruc- 
tions. In this unit, we will confine our discussion to the branch instructions. In a 
later unit we will discuss the jump instructions. 


Before discussing the types of branch instructions, we must first discuss a new 
addressing mode called relative addressing. 


Relative Addressing 


In the previous unit, we discussed immediate addressing and direct addressing. 
Recall that in the immediate addressing mode no address is specified. The data is 
assumed to be the byte following the opcode. In direct addressing, an address is 
given. The data is assumed to be at that address. 
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Branch instructions are somewhat different from the instructions discussed ear- 

lier. While the branch instruction has an address associated with it, the address 
does not indicate the location of data. Instead, the address indicates the location 
| of the next instruction that is to be executed. 


The format of the branch instruction is shown in Figure 3-1. All branch instruc- 
tions are 2-byte instructions. The first byte is the 8-bit opcode. This code iden- 
tifies the particular type of branch instruction. As you will see later, a 
microprocessor may have a dozen or more different branch instructions. Each 
has its own opcode that uniquely identifies it. 


FIRST BYTE [LLL OPCODE 


RELATIVE ADDRESS 


seconp BYTE | | | | | | | [J oF next instRuctION 


TO BE EXECUTED. 


Figure 3-1 


Format of the branch instruction. 


The second byte of the branch instruction indicates the point to which the pro- 
gram is to branch. That is, it specifies the address of the next instruction that is to 
be executed. 


In some microprocessors, the address is absolute. That is, the address is the 
memory location that holds the next instruction. In this case, the instruction 
BRANCH 30,, would mean that the instruction to be executed next is at address 


30,¢- In other words, some microprocessors use direct addressing when 
branching. 


Our hypothetical microprocessor uses a different technique called relative ad- 
dressing. In this addressing mode, the byte following the opcode does not repre- 
sent an absolute address. Instead, it is a number that must be added to the pro- 
gram counter to form the new address. Consider the instruction: 


BRANCH 30,, 


Using relative addressing, this does not mean that the next instruction is to be 
taken from memory location 30,,. Rather, it means that 30,, must be added to 


the present contents of the program counter. Thus, if the program counter is at 
08,, when the BRANCH 30,, instruction is executed, the next instruction will be 
fetched from location 08,,¢ + 30)¢ = 384¢. 


By the same token, if the contents of the program counter is FA,, when a 


BRANCH 03 is encountered, the next instruction will be fetched from location 
FA, + 03 = FD). Notice that this allows the MPU to jump over the data or in- 


structions at addresses FB,, and FC,,¢. 
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Executing a Branch Instruction 


Determining the relative address to use as the second byte of the branch instruc- 
tion can be confusing unless you keep in mind the method by which the MPU 
executes a program. Therefore, let’s go through the manipulations that take place 
within the MPU during the execution of the branch instruction. 


Figure 3-2 shows sections of a program stored in memory. Let’s assume that the 
MPU has been executing this program. Let’s further assume that the MPU just 
completed the execution of the LDA 05 instruction at addresses 12,¢ and 13,¢. 


The address register still holds the address of the last byte that was read from 
memory. The accumulator and data register hold the contents (05) of the last 
location that was read out. 


Notice that the program counter contains the address of the next instruction to be 
executed. This address points to the branch instruction in memory location 14,¢. 


Let’s pick up the action at this point. 
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Figure 3-3 shows how the first byte of the branch instruction is fetched. This is 
the standard fetch operation that was discussed earlier: 


1. The address (14,,) is transferred from the program counter to the 


address register. 
2. The program counter is incremented to 15,¢. 


The address is strobed onto the address bus. 

The contents of the selected memory location are transferred via the 
data bus to the data register. 

5. The instruction decoder examines this opcode and finds it to be a 
branch instruction. 
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Figure 3-3 


Fetching the BRA instruction. 
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Therefore, the controller-sequencer starts the procedure for executing a branch 
instruction. 


During the next machine cycle, the relative address is fetched. This procedure is 
shown in Figure 3-4. The major events are: 


1. The address (15,,) is transferred from the program counter to the 


address register. 
2. The program counter is incremented to 16,¢. 


The address (15 ,¢) is strobed onto the address bus. 
4. The contents of location 15,, are transferred to the data register via 
the data bus. 
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Figure 3-4 


Fetching the relative address. 
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Figure 3-5 shows the state of the various registers after the relative address is 
fetched. The relative address (07,,) is in the data register. Now look at the pro- 
gram counter. Notice that it points to address 16,,. However, the MPU has not 
yet finished executing the branch instruction. It must now compute the new ad- 
dress by adding the relative address to the program count. It uses the addition 
capabilities of the ALU to perform this function. That is, the program count and 
relative address are strobed into the ALU. The ALU adds the two together and 
produces a sum of 


0001 0110 program count 
0000 0111 relative address 


0001 1101 new program count 


This sum is loaded into the program counter. Thus, the next instruction is fetched 
from memory location 1D,,. That is, the next instruction to be executed is the 


ADD 0646 instruction. 
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Figure 3-5 
Computing the address of the 
next instruction. 
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Branching Forward 


Branching in the forward direction is a simple task if you know the value of the 
program count when the relative address is added. A couple of examples will 
illustrate the procedure. 


In Figure 3-6A, the BRANCH 03 instruction is placed in locations 32,, and 33,¢. 


Assuming this instruction is executed, from which location will the next instruc- 
tion be fetched? Remember that the program counter will always point to the 
next byte in sequence. Since the last byte fetched was the relative address from 
location 33,,, the program counter must be at 34,, when the relative address is 


added. Adding the relative address produces a new program count of 
34.16 


+ 1G 
3716 


Thus, the next instruction will be fetched from location 37 ¢. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 


Program will 
branch to here 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 
18 20 
22 ? 


BRA 
27 


Destination Address 


We wish to 
Branch to here 


Figure 3-6 


Branching forward. 
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Figure 3-6B shows a slightly different situation. Here we wish to branch to the 
instruction at address 24,,. The opcode for the branch instruction is at address 


18,,. What relative address is required at location 19,, in order to implement this 
branch? 


Keep in mind that the program count will automatically advance to 1A,¢ after 
the relative address is fetched from address 19,,. Also, remember that the rela- 


tive address is added to the program count. Thus, a relative address of 00 would 
result in a "branch" to location 1A,¢. A relative address of 01 would result in a 


branch to location 1B,,. Continuing this procedure until location 24,, is reached, 
you find that a relative address of 10,, is required. That is, the relative address 
must be OA,¢ or 105. 


There is a simple procedure for determining the relative address when branching 
forward. Subtract the originating address from the destination address. The dif- 
ference is the relative address. 


In our example, the originating address is 1A,,<. Remember this is the program 


count at the time the relative address is added. The destination address or the 
address to which you wish to branch is 24,,. Subtracting the originating address 


from the destination address, you find that the required relative address is 


0010 01004 2416 Destination address 
- 0001 10104 1A 16 Originating address 


0000 10104 0A16 Relative address 


As you can see, a relative address of 0A,, is called for. 


Branching Backward 


A backward branch is used when a part of the program is to be repeated. The 
technique used for branching backward is similar to that used in branching for- 
ward. The difference is that a negative number is used as the relative address. As 
you learned earlier, two’s complement representation is used to signify negative 
and positive numbers. Therefore, the relative address portion of any branch in- 
struction is interpreted as a two’s complement number. 


This means that bit 7 of the relative address byte is a sign bit. A O at bit 7 tells 
the MPU to branch forward; a 1 tells it to branch backward. Thus, the positive 
values for the relative address extend from 0000 0000, to 0111 1111,. This is 


00,, to 7F,, or 00,, to +127). 


The negative values extend from 1111 1111, to 1000 0000,. This is FF,, to 80,, 
and -1 to -128,,. But remember, the relative address is with respect to the present 
program count. At the time the relative address is added, the program count 
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points to the next byte after the relative address. Let’s look at two examples of 
branching backward. 


The first example is shown in Figure 3-7A. To what point does the MPU branch 
when the branch instruction at address SDyj6 is executed? Notice that the relative 


address is F9,,. In binary this is 1111 1001,. Recall that this is the two’s comple- 


ment representation of -7. Thus, the program count should jump backwards 7 
bytes — but from what point? Recall that after the byte at address 5E is fetched, 
the program count will automatically advance to 5F,, or 0101 1111,. When the 


relative address (F9,, or 1111 1001,) is added, the result is 


01011111 € Old program count 
~+ 11111001 © Relative Address 


1 01011000 << New program count 


Carry is ignored 


The carry bit is ignored, leaving a new program count of 58,,. Thus, the next 
instruction will be fetched from address 58,¢. 


HEX HEX MNEMONICS/ 
ADDRESS CONTENTS HEX CONTENTS 


Program 57 


branches 58 
to here 


Tl MO 
oOo oOo 


We wish to 
branch to 
here 


Figure 3-7 
Branching backwards 
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Figure 3-7B shows a different problem. Here we want the branch instruction at 
addresses BO and B1 to direct the MPU back to address AO. What relative ad- 
dress is required? A simple procedure is: 


1. Subtract the destination address from the originating address. 
2. Take the two’s complement of the difference. 


In our example, the program count will be advanced to B2,, after the relative 


address is fetched. This is our originating address. The point to which we wish to 
branch is AO,,. This is our destination address. Subtracting yields a difference of 


1011 00104 B216 Originating address 
- 1010 00004 A016 Destination address 


0001 0010, 1216 Difference 


| Next you compute the relative address by taking the two’s complement of the 
| difference. The two’s complement of 0001 0010, is 1110 1110,. In hexadecimal 


this is EE,,¢. Thus, the required relative address is EE, «. 
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Self-Test Review 


11. What addressing mode is used by the branch instruction? 

12. What does the second byte of a branch instruction indicate? 

13. | What happens in the MPU during the execution of the branch instruction? 
14. | What type of relative address causes a branch forward? 

15. What type of relative address causes a branch backwards? 


16. What is the maximum number of memory locations that can be branched 
over during a backward branch? 


17. What is the maximum number of memory locations that can be branched 
over during a backward branch? 


18. The opcode for the branch instruction is at address 20,,. The relative ad- 
dress is 06,,¢. After the branch instruction is executed, from what address 
will the next opcode be fetched? 


19. The opcode for the branch instruction is at address 20,,. The relative ad- 
dress is Fl,,. After the branch instruction is executed, from what address 
will the next opcode be fetched? 
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| Answers 

| 

| 

11. Relative addressing. 

12. The second byte of the branch instruction is the relative address. This 
number is added to the contents of the program counter to form the abso- 
lute address. 

13. The relative address is retrieved from memory and is added to the program 
count. The new program count goes into the program counter. 

14. A positive two’s complement number. 
| 15. A negative two’s complement number. 

16. 0111 1111, or +1274. 

18.  28,,. Recall that during the execution of the branch instruction, the pro- 
gram counter will be incremented twice to 22,,<. Thus, when the relative 
address (06,,) is added, the new address becomes 28, ¢. 

19. As in answer 8, the program counter is automatically advanced to 22,, 


(0010 0010,) before the relative address is added. F1,, is equal to 1111 
0001.,. When this is added to the program count, the new address becomes 


0010 00105 Old program count 
1111 0001, Relative address 


1 0001 00115 New program count 


Ignore carry 


Thus, the next opcode will be fetched from address 13,¢. 
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CONDITIONAL BRANCHING 


The branch instruction allows the MPU to jump forward over a block of data or 
over a portion of a program. It also allows the MPU to jump backwards so a 
group of instructions can be repeated. 


Until now we have been discussing the unconditional branch instruction. This 
type of instruction always results in a program branch. For this reason, it is 
called the BRanch Always instruction. Its mnemonic is BRA. 


There are other types of branch instructions that greatly expand the versatility of 
the MPU. These are called conditional branch instructions. Unlike BRA, these 
instructions cause a branch only if some specified condition is met. 


A good example of a conditional branch instruction is the Branch If Minus 
(BMI). This instruction may or may not initiate a branch operation, depending on 
the result of some previous arithmetic or logic operation. This instruction might 
be placed after a subtract instruction. If the result of the subtraction is a negative 
number, the branch would be implemented. Otherwise, the MPU would continue 
to fetch and execute instructions in numerical order. An example may help to 
illustrate this. 


Figure 3-8 shows part of a program that uses the branch if minus (BMI) instruc- 
tion. Let’s start with the instruction at address 95,,. This instruction causes the 


contents of location BO,6 to be loaded into the accumulator. Next, the SUB in- 
Struction subtracts the contents of location Bli¢ from the number in the ac- 


cumulator. The next instruction (BMI) examines the result of the subtraction. If 
the result was a minus number, the program will branch over the next three 
bytes. That is, the next instruction to be executed is the STA instruction at ad- 
dress 9E,,. Thus, the resulting number in the accumulator is stored in location 


B3,., and the MPU halts. 


HEX HEX MNEMONIC/HEX 
ADDRESS | CONTENTS CONTENTS COMMENTS 


Load accumualtor direct 

with contents of this address. 
Subtract 

the contents of this address. 
If result is minus 


branch this far. 
If result is not minus, store at 
this address; 

then stop. 
If result is minus, store it at 
this address; 

then stop. 


Figure 3-8 
This program uses the BMI instruction 
to make a simple decision. 
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If the result of the subtraction is not minus, the BMI instruction has no effect. 
That is, the BMI instruction is fetched and executed but no branch occurs be- 
cause the specified condition is not met. In this case, the next instruction to be 
executed is the STA instruction at address 9B,,. Thus, the result of the subtrac- 


tion will be stored in location B2,6- 


Notice that the program flow can take one of two paths, depending on the result 
of the subtraction. The BMI instruction gives the MPU this capability. The con- 
ditional branch instructions are sometimes called "decision making instructions." 
The reason for this becomes obvious if you consider the implications of our sam- 
ple program. Here the MPU decides if the number at address B1,, is larger than 


that at BO,,<. The program path is determined by the outcome of this decision. If 
the number in B1,, is larger, the result of the subtraction is a negative number. In 
this case, the result is stored in location B3,,. Otherwise, the resulting difference 
is stored in location B2,¢. 


Virtually all programs must make some type of decision. Some frequently en- 
countered decisions are: 


"Which of two numbers is larger?" 

"Does this byte represent a letter of the alphabet or a numeral?" 
"Are these two numbers equal?" 

"Is this an even number?" 

"Has the program loop been repeated the proper number of times?" 


Conditional branch instructions are used in making all of these decisions. 


Condition Codes 


As the name implies, a conditional branch instruction causes a program branch 
only if some specified condition is met. Some commonly monitored conditions 
are: 


1. Did a previous operation result in a negative number in the 
accumulator? 

2. Dida previous operation result in zero in the accumulator? 

3. Did a previous operation result in a carry from bit 7 of the 
accumulator? 


To keep track of these conditions, most microprocessors have a group of single 
bit registers called condition code registers. Three of the eight condition codes 
used in the MC68HC11 MPU are shown in Figure 3-9. They are the Negative 
(N) Register, the Zero (Z) Register, and the Carry (C) Register. The other condi- 
tion codes will be discussed later. 
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Figure 3-9 
Condition code registers monitor the 
operations in the accumulator. BIT 7 BIT 0 


Negative (N) Register Recall that negative numbers are expressed in two’s 
complement form. Using this system, the most significant bit determines 
whether or not the number is negative. In an 8-bit byte, bit 7 is a 1 if the two’s 
complement number is negative. Thus, the N register monitors bit 7 of the ac- 
cumulator. Immediately after an operation that involves the accumulator, the N 
register looks at bit 7 to see if the number is negative. If so, the N register is set 
to 1. If the number in the accumualtor is not negative, the N register is reset to 0. 


Most operations that involve the accumulator affect the N register in this way — 
but not all. In a later unit we will point out how this register is affected by each 
instruction. In this unit, we will assume that the N register is affected as outlined 
above any time a number is added to, subtracted from, loaded into, or stored 
from the accumulator. 


Another name for a condition code is a flag. Thus, the N register is sometimes 
called the N flag or the negative flag. 


Zero (Z) Register This register monitors the accumulator looking for all zeros. 
Immediately after an operation that involves the accumulator, the zero-detect 
circuit looks at the resulting number. If all 8 bits are O, the Z register is set to 1. 
Otherwise, the Z register is reset to 0. Most operations that involve the ac- 
cumulator affect the Z register in this way. 


Carry (C) Register The C register acts somewhat like an extension of the ac- 
cumulator. You have seen that when two unsigned 8-bit numbers are added, the 
sum is frequently a 9-bit number. For example: 


1001 0010 8-bit addend 
+ 1100 0110 8-bit augend 
1 0101 1000 9-bit sum 


carry 


Since the accumulator is an 8-bit register, the sum will not fit. The most signifi- 
cant bit (the carry) would be lost if you did not have another 1-bit register to 
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hold it. This is the purpose of the C register. Any operation that causes a carry 
Out of bit 7 will set the carry register to 1. Arithmetic operations that do not re- 
Sult in a carry will reset this register to 0. 


The carry register is also used to keep track of "borrows" during subtract opera- 
tions. If a subtraction requires a borrow for bit 7, the carry flag will also be set. 
For example, suppose you subtract an unsigned, binary number from a smaller 
unsigned binary number. The result will, of course, be a negative number. 
Moreover, bit 7 will have to "borrow" a bit to complete the subtraction. As a 
simple example, let’s subtract 2 from 1. The subtraction looks like this 


Borroow—> 1 


0000 0001 Minuend 
- 0000 0010 Subtrahend 
1111 1111 Difference 


The carry bit is set to 1 to indicate that a borrow operation occurred. Many sub- 
traction operations do not require borrows. In these cases, the carry bit is reset to 
0 to indicate that no borrow occurred. 


Notice that the carry code can have different meanings, depending on the opera- 
tion involved. That is, a 1 can mean either that a carry occurred or that a borrow 
occurred. The precise meaning of the 1 depends on whether the operation was an 
addition or a subtraction. We will discuss some additional aspects of the carry 
register in a later unit. 


Overflow (V) Register The final condition code that is to be considered in this 
unit keeps track of two’s complement overflow. Figure 3-10 shows how this 
register is connected in the MPU. A special circuit detects an overflow condition 
by monitoring bit 7 of the ALU’s input and output lines. This circuit sets the V 
flag when an overflow occurs but clears it if no overflow occurs. 


OVERFLOW 
REGISTER 


OVERFLOW |. TO 
DETECT |. ACCUMULATOR 
Logic |, 


OUTPUT 


ARITHMETIC LOGIC UNIT 
(ALU) 


Figure 3-10 
The overflow register monitors bit 7 of 
the ALU’s input and output lines. 


FROM 
DATA REGISTER 
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Let’s see what is meant by two’s complement overflow. Recall that the ALU 
adds numbers as if they were unsigned binary numbers. Even so, it can handle 
signed binary numbers if the proper bit patterns represent the negative numbers. 
This is the reason that the two’s complement method of representing signed 
numbers has become so popular. A disadvantage of this system is that the magni- 
tude of the number must be represented by 7 bits, since the eighth bit is used as 
the sign. Remember that a 1 in the MSB defines the number as negative. 


Unfortunately, if two signed numbers are added and their sum exceeds 7-bits, the 
sign bit will be changed. For example, assume that a program adds +73,, and 


+96,,. The addition looks like this: 


0100 10012 +7349 
0110 0000, +964, 


1010 1001, 169) 


The answer is correct if all the binary numbers represent unsigned quantities. 
However, using two’s complement, the underlined bits represent sign bits. 
Therefore, the answer does not represent 169,. Instead, it represents -87,,). The 


reason for this error is that there was an overflow from bit 6 into the sign bit (bit 
7). This is one of the situations that the V flag indicates. 


When two’s complement numbers having the same sign are added, the sum 
should have the same sign. That is, when two positive numbers are added, the 
sum should be positive. By the same token, when two negative numbers are 
added, the sum should be negative. However, an overflow can cause the sign to 
be reversed. The overflow logic detects this situation and sets the V flag when- 
ever an overflow occurs. 


The sign bit can also be upset during subtract operations. For example, when a 
negative number is subtracted from a positive number, the results should be posi- 
tive. Remember that subtracting a negative number is tantamount to adding a 
positive number. However, in certain cases, an overflow can reverse the sign bit. 
This type of overflow occurs when the signs of the minuend and subtrahend are 
opposite and the difference has the sign of the subtrahend. This condition also 
sets the V flag. 
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Conditional Branch Instructions 


The conditional branch instructions available in our hypothetical microprocessor 
are shown in Figure 3-11. While these are largely self-explanatory, a couple of 
points should be mentioned. 


INSTRUCTION MNEMONIC OPCODE BRANCH IF 
BCC 24 C=0 


Branch If Carry Clear 


Branch If Carry Set 
Branch If Not Equal Zero 
Branch If Equal Zero 
Branch If Plus 
Branch If Minus 
Branch If Overflow Clear 


Branch If Overflow Set 


Figure 3-11 


Conditional Branch Instructions. 


The first instruction, Branch If Carry Clear (BCC), monitors the C register. If the 
Catry register is reset to 0, the branch is implemented. Notice that the words 
"clear" and "reset" are used interchangeably in this regard. They both mean the 
register contains a 0. 


The branch instructions that monitor the Z register can also be confusing. The 
Branch If Equal Zero (BEQ) instruction implements a branch when the Z register 
is set to 1. Recall that the Z register is set to 1 when the number in the ac- 
cumulator is zero. Thus, you must remember that a 0 in the Z register means that 
the number in the accumulator is not zero. 


These conditional branch instructions can be used with other instructions to 
make a wide range of decisions. They greatly increase the power of the 
microprocessor. More than any other type of instruction, the conditional 
branches are responsible for the MPU’s "intelligence." In the next section, you 
will see how these instructions are used. 
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Self-Test Review 


20. What is the difference between an unconditional branch instruction and a 
conditional branch instruction? 


21. What condition is tested by the branch if minus (BMI) instruction? 

22. Whenis the N flag set? 

23. When is the Z flag set? 

24. During an add operation, the C flag is set. What does this represent? 

25. During a subtract operation, the C flag is set. What does this indicate? 

26. Often, when two positive 2’s complement numbers are added, the sign bit 
of the answer will indicate a negative sum. This "error" can be spotted by 
checking which flag? 

27. Under what condition will the BEQ instruction cause a branch to occur? 


28. | Under what condition will the BPL instruction cause a branch to occur? 


29. When subtracting unsigned binary numbers, which flag indicates that the 
difference is a negative number? 
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Answers 


| 20. 
St, 
on 
23. 


24. 


26. 


i 2 


2. 


28. 


An unconditional branch instruction always causes a branch operation to 
occur. On the other hand, the conditional branch instruction implements a 
branch operation only if some specified condition is met. 

The BMI instruction tests the Negative (N) register to see if it is set. 


Generally speaking, the N flag is set if the previous instruction left a 1 in 
the MSB of the accumulator. 


Generally, the Z flag is set if the previous instruction left all zeros in the 
accumulator. 


During an add operation, the carry bit is set if there is a carry from bit 7 of 
the accumulator. 


During a subtract operation, the carry bit is set if bit 7 had to "borrow" a 
bit to complete the subtraction. 


This condition results from a two’s complement overflow. Thus, the V 
flag will be set if this condition occurs. ! 


The BEQ instruction causes a branch to occur only if the Z register is set. 


The BPL instruction causes a branch to occur only if the N register is 
clear. 


The carry flag. 
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MICROCOMPUTER PROGRAMMING 


As the programs you write increase in complexity and length, the need for some 
type of organization for problem solving becomes quite evident. 


The exact method of problem solving will vary from person to person. Some 
may have an intuitive "feel" for program development and may write programs 
“off the top of their head". If you can do this, you are fortunate indeed. Most 
people, however, need a formal "plan of attack" when solving problems and 
writing programs. 


Essentially, there are three steps to writing a program. The first is to define the 
problem. This may seem like a relatively easy task but it sometimes proves to be 
the most difficult. Unfortunately, there is no set procedure for defining problems. 
Some problems will lend themselves to mathematical definitions while others 
may require a logical or graphical approach. We can only advise you to analyze 
each situation carefully before you attempt to define the problem. 


The last step in creating a program is the writing of that program using the 
instruction set for your microprocessor. You already know a little bit about writ- 
ing programs and you will be learning much more as you progress through the 
course. What we are primarily concerned with here is the second step in creating 
a program: mapping or flowcharting the solution. 


The Flowchart 


Given a well structured blueprint, a carpenter can construct even the most com- 
plex project with little or no difficulty. The same is true of a programmer with a 
good flowchart. As a matter of fact, some flowcharts are so detailed that little 
remains for the programmer to do other than fill in the appropriate instructions. 
For our purposes, we’ll use a simple flowcharting technique using the five most 
common symbols. These are shown in Figure 3-12. 


| | QQ 


OPERATIONS DECISION TERMINAL 
* | 
CONNECTOR FLOW LINES 
Figure 3-12 


Flowchart Symbols. 
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THE SYMBOLS 


All flowcharts have a beginning, and most flowcharts will have an end. These 
are referred to as the "terminal" points of the flowchart and they are represented 
by the terminal symbol. The terminal symbol seen in Figure 3-13 is simply la- 


beled "start" or "stop", to denote its meaning. 


Figure 3-13 
Terminal Symbol. 


| The operations box is probably the most frequently used flowchart symbol. It 
| may represent a transfer process such as moving or loading data or an algebraic 
process like addition or multiplication. It can also be used for such statements as 
"print" or "set"; which we will get into later. If you have a process that is not 
specified by one of the other symbols, use the operations box. Later we will in- 
troduce some additional flowchart symbols. Some examples of the operations 
box use are shown in Figure 3-14. 


LOAD MOVE 
A ATOB 
ADD MULTIPLY 
ATOB A*B 
PRINT SETA 
A TO 15 
Figure 3-14 
Operation Box. 
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The diamond-shaped decision box is really the "heart" of the flowchart. It in- 
dicates a logical choice between two conditions and, therefore, it controls the 
direction of program flow. If a condition is satisfied, the "yes" route is taken. If 
the condition is not satisfied, then the "no" route is selected. Typical examples 
for using the decision box are shown in Figure 3-15. The yes and no routes can 
originate in any comer of the diamond. 


YES 
NO 


YES 
NO 
YES 
b 
e YES 
NO NO 
Figure 3-15 


Decision Box. 


Flow lines and connectors are used to tie the symbols and sections of the flow- 
chart together. Normally, the chart will be arranged to flow from top to bottom 
and from left to right. However, there is no set rule in regard to this and the flow- 
chart could just as well flow in the opposite direction. The use of flow lines as 
well as connectors is demonstrated in Figure 3-16. The connector symbols direct 
you from one section of the program to another. The connectors are labeled with 
values to indicate where the connection takes place; 1A connects with 1A, 2A 
connects with 2A, etc. 


START 


MOVE 
NAME 
TO PRINT 


MOVE 


ADDRESS 
TO PRINT 


MOVE 
EMPLOYEE NUMBER 
TO PRINT 


Figure 3-16 


Connectors and Flowlines. 
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MATHEMATICAL SYMBOLS 


Usually, sophisticated flowcharts use mathematical symbols to represent the 
decision making process. These symbols allow us to illustrate our decision 
quickly and concisely. In Figure 3-17A you see the five most frequently used 
symbols and their meanings. Figure 4-17B shows some examples of their use. 


A SYMBOL EXAMPLE DESCRIPTION 
1. - A=B A is equal to B. 
2. > A>B A is greater than B. 
3. < A<B A is less than B. 
4, > A2>B A is greater than or equal to B. 
5. < A<B A is less than or equal to B. 


AIS AIS AIS 
GREATER LESS GREATER 
THAN 14 NO THAN 10 NO THAN OR 
EQUAL TO 100 
AIS AIS AIS 
140R 100R LESS THAN 
UNDER HIGHER 100 
Figure 3-17 


Mathematical Decision Making 
Symbols and Their Use. 
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CONSTRUCTING THE FLOWCHART 


Now that you can identify flowchart symbols, it’s time to solve a few problems 
using flowcharts. The first, to add three numbers and produce a sum, is shown in 
Figure 3-18. The problem and the mathematical expression of the problem are 
shown on the left. The mathematical expression serves as a definition of the 
problem. Our flowchart is on the right. 


PROBLEM: 


1. Add 3 numbers: 
A, B, and C producing sum, S. 


2. Printsum. 


S=A+B+C 


Figure 3-18 


Flowchart Construction. 


It begins with the start terminal symbol. In a flowchart of this size you might 
think that this symbol is unnecessary. But, no matter how simple you think a 
flowchart is, always use the start terminal symbol. You will see later on in this 
course that flowcharts can get quite lengthy, and it is often necessary to return to 
the beginning of your flowchart. The start terminal symbol allows you to do this 
with ease. If you use it all the time, even when it seem unnecessary, then you’ll 
never get into difficulty locating the beginning of the program. 


Next we find an operation box that tells the computer to read, or identify, the 
variables A, B, and C. This process would actually move the numbers from 
memory into the microcomputer. Again, you might think that this box is un- 
necessary or that it could be combined with the next operations box. But, 
remember, the more detailed the flowchart, the easier it is to write your program 
from it. 


In the second operations box, the computer is instructed to add A, B, and C, giv- 
ing you the total S. The final operations box tells the computer to print the solu- 
tion, S. Finally, the stop terminal symbol it used to end the process. 
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UNIT THRE 


Now that you have seen how it is done, it’s time to look at a more complex 
problem. In Figure 3-19 you see a drawing of a traffic intersection. Main Street 
is a busy thoroughfare while Side Street handles only a moderate amount of traf- 
fic. A traffic study shows that if traffic on Main Street is allowed to move for 
two minutes, while traffic on Side Street is allowed to move for one minute, the 
intersection controls traffic very efficiently. Light A has been assigned for con- 
trol of traffic on Main Street and light B for control of traffic on Side Street. 


SIDE 
STREET 


2 MIN. MAIN 


—a =) STREET 


7” WS 


LIGHT LIGHT 
A B 
1 
MIN 
Figure 3-19 
The Traffic Problem. 


It is not necessary at this point, but you might like to try to draw this flowchart 
yourself. If not, just read along while we work our way through this problem. 
Before you can attempt to draw a flowchart, you must carefully examine the 
problem. That is, you must carefully determine exactly what each light must do. 


Light A must remain green for two minutes. Naturally, you want a caution light 
between red and green. We suggest a yellow light duration of 10 seconds. The 
duration of the red light will be controlled by light B. Light B, on the other hand, 
will be green for one minute and yellow for ten seconds. When light B turns red, 
light A turns green and the cycle repeats. 
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With this information, you should encounter little difficulty drawing the flow- 
chart for this problem. Defining the problem in detail will always simplify prob- 
lem solving. If you care to try your hand at this flowchart, grab a pencil and 
some paper and give it a try. If not, just continue reading. You'll find our solu- 
tion in Figure 3-20. 


LIGHT "A" 


CHANGE 
CHANGE LIGHT A 


START LIGHT A TO 


TO GREEN YELLOW 


CHANGE 


LIGHT A (1A) 


TO RED 


CHANGE 
LIGHT B 
TO RED 


CHANGE 


1A} LIGHT B 


TO GREEN 


YELLOW 


UNCONDITIONAL 
BRANCH 


Figure 3-20 
The Traffic Solution. 


The flowchart begins in the top left-hand comer of Figure 3-20. The first five 
operation blocks control the operation of light A. You begin the program at the 
box that changes light A to green. The second process holds the light green for 
two minutes. After this, light A must change to yellow and hold there for ten 
seconds as the next two blocks indicate. Finally, light A is changed red by the 
fifth operation. 


Connector 1A tells you that the flow of the program picks up at the correspond- 
ing 1A connector in the bottom left-hand corner of the illustration. Here, you 
enter the light B routine that controls the traffic on Side Street. Now that the 
traffic on Main Street has a red light, it is safe to change light B to green. Light 
B is held green for one minute, then it is changed to yellow and held for ten 
seconds. Finally, light B changes to red. Of course, you want this process to 
repeat so you draw a flow line from the end of the light B cycle back to the be- 
ginning of the light A cycle. 


This type of a flow line is called an unconditional branch because it must always 
point to a particular point in the program. The unconditional branch in a flow- 
chart would correspond to an unconditional branch in the actual program. 


3-38 | unit THREE 
| 
| 
There are other flow lines that originate at a decision box rather than at an opera- 
tion box. These are called conditional branches because the flow of the program 
along these lines is based on the conditions stated in the box. Conditional 
branches in a flowchart are related to conditional branches in an actual program. 


Figure 3-21 demonstrates the use of the decision box and the conditional branch. 
The problem is stated on the left and the flowchart solution is shown on the right. 


START 
WAIT FOR SALE 


A THEATER HAS 1000 SEATS. 
THE MANAGER WANTS THE ADD 1 TO 
“SOLD OUT" SIGN TO LIGHT TOTAL NUMBER 
AUTOMATICALLY WHEN ALL OF TICKETS 
THE TICKETS HAVE BEEN PURCHASED. 
SOLD. 
SUBTRACT 
TOTAL NUMBER 
OF TICKETS 
PURCHASED 
NO PURCHASED 
RETURN TO EQUAL 0? 
SELL MORE 
TICKETS 
Figure 3-21 
The Use of the Decision Box. 


Again, the chart begins with the terminal start symbol. As each ticket is pur- 
chased, it is added to the total number of tickets purchased. Then the total num- 
| ber of tickets sold is subtracted from the number of seats available. 


Now the decision must be made. If all tickets have not been sold, you must 
branch to the beginning of the flowchart and resume the count. If all tickets are 
sold, that is if the result of the subtraction is zero, then branch forward and light 
the "SOLD OUT" sign. Once the sign is lit, you complete the flowchart with the 
stop terminal symbol. Although the problem is very simple, there is no way to 
solve it without using a decision box and conditional branches in the flowchart. 
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Self-Test Review 


30. The five most common flowcharting symbols are the: 


MO W > 


31. You are permitted to use mathematical symbols in a flowchart. 
(True/False) 

32. The flowchart should always begin with a start terminal symbol. 
(True/False) 


33. The in a flowchart 
corresponds to the unconditional branch in the actual program. 


34. The in a flowchart is 
related to the conditional branch in an actual program. 
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30. 


31. 


Dee 


ao. 


34. 


Answers 


The five most common flowcharting symbols are the: 


A. Terminal Symbol 
B. Operations Box 
C. Decision Box 

D. Flow Lines 

E. Connectors 


True. Flowcharts make use of mathematical symbols. 
True. The flowchart should always begin with a start terminal symbol. 


The unconditional branch in a flowchart corresponds to the uncondi- 
tional branch in the actual program. 


The conditional branch in a flowchart is related to the conditional branch 
in an actual program. 
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ALGORITHMS 


An algorithm is a step-by-step procedure for doing a particular job. It generally 
involves doing a complex task by stringing together a series of simple steps. To 
illustrate the use of an algorithm, consider the following very simple example. 


Multiplying by Repeated Addition 


Most microprocessors do not have hardware multiply capabilities. That is, they 
do not have a multiplication circuit nor a multiply instruction. Nevertheless, the 
microprocessor can be made to multiply by use of an algorithm. One procedure 
for doing this was discussed earlier. It involved adding the multiplicand to itself 
the number of times indicated by the multiplier. In the previous example, this 
was done by using a separate ADD instruction for each addition. This procedure 
is unsatisfactory for two reasons. First, it results in excessively long programs. 
Second, you must know the value of the multiplier so that you know how many 
ADD instructions to include. 


A better approach, although still far from ideal, is to use a program loop that will 
multiply two numbers by repeated addition. For the time being, assume that the 
two numbers are both positive and that the product does not exceed 255,,. Let’s 


further assume that we use only the instructions which have been discussed up to 
this point. In fact, we will restrict ourselves to the instructions shown in Figure 
3-22. 


INSTRUCTION 


Load Accumulator 
Clear Accumulator 
Decrement Accumulator 
Increment Accumulator 
Store Accumulator 


Subtract 
Branch Always 
Branch if Carry Set 
Branch if 

Equal Zero 
Branch if Minus 
Stop 


| Clear Accumulator 
| Store Accumulator___| 
| Subtract 


Figure 3-22 


The algorithm for multiplying by repeated addition is quite simple. To multiply 
A times B, you merely add A to a specific location B times. For example, to 
multiply 5 times 3, you clear a location and then add 5. You continue the addi- 
tion until 5 has been added 3 times. The number in the affected location will then 
be 15,, which is the product of 5 times 3. 
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The success of this operation depends on the microprocessor knowing when to 
stop. It must add 5 three times, but only three times. One way to keep track of 
the number of additions is to decrement the multiplier (3) each time an addition 
is made. When the multiplier reaches O, the proper number of multiplications has 
been carried out. 


Figure 3-23 is a flow chart that illustrates the algorithm. In the first two steps, 
the MPU clears the accumulator and stores the resulting number (0) in the 
product. This ensures that the product is zero before the first number is added. 
Next, it loads the multiplier and checks to see if the multiplier is 0. If so, the 
process is stopped since a multiplier of 0 dictates a product of 0. 


In our example, the multiplier is 3; therefore, we exit the decision block via the 
"no" line. The next step tells us to decrement the multiplier. The new value of 
the multiplier (2) is stored for future use. Next, the product whose present value 
is 0 is loaded. Then, the multiplicand (5) is added so that the new value of the 
product becomes 5. This completes our first pass through the program. Remem- 
ber that the multiplicand has been added once and the multiplier has been re- 
duced by one. 


Notice that the program loops back to the input of the second block. The product 
which now has a value of 5 is stored back in memory. The multiplier (which is 
now 2) is loaded and tested. Because its value is not yet 0, the multiplier is 
decremented to 1 and stored again. The product (whose value is now 5) is then 
loaded and the multiplicand is added so that a new value of 10,, is obtained. 


The program loops again and the new product (10,,) is stored. The multiplier 
(whose value is now 1) is loaded and tested. Because its value is still not 0, it is 
decremented again. Notice that the value of the multiplier is now 0. This value is 
stored away, the product (10,,) is fetched, and the multiplicand is added once 


more. The new value of the product becomes 15. 


The program loops again and the product is stored. The multiplier is loaded and 
tested. Recall that the value of the multiplier is now 0. Consequently, we exit the 
decision block via the "yes" line. The program has accomplished its task and it 
now stops. Notice that the value of the product is 15,,. which is the proper an- 


swer for 5 x 3. 


Clear 


Accumulator 


Store 
Product 


Load the 
Multiplier 


Does 
Multiplier 
=0? 


Decrement 
the 
Multiplier 


Store the 
Multiplier 


Load the 
Product 


Add the 
Multiplicand 


Figure 3-23 
Flow chart for multiplying by 
repeated addition. 
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The next task is to convert the flow chart to a program that the computer can 
execute. Figure 3-24 shows such a program. Carefully compare this program to 
the flow chart paying particular attention to the comments column. Work 
through the program on paper and verify that it will multiply the numbers at 
addresses 11,, and 12,,. Although 3 and 5 are used in this example, the program 


will work for any values of multiplier and multiplicand as long as the product 
does not exceed 255. 


MNEMONIC/HEX COMMENTS 
PP nolan CONTENTS 


Clear the accumulator. 
Store the product 

in location 1346. 

Load the accumulator with 


the multiplier from location 1246 
If the multiplier is equal to zero, 
branch down to the Halt instruction. 
Otherwise, decrement the multiplier. 


Store the new value of the 
multiplier back in location 12 4g. 
Load the accumulator with the 
product from location 13 ,.. 
Add 

the multiplicand to the product. 
Branch back to instruction 

in location 01. 

Stop. 

Multiplicand. 

Multiplier. 

Product. 


Figure 3-24 
This program multiplies the numbers 
at addresses 11,, and 12,,, and places 


their product at address 13, ,. 
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Dividing by Repeated Subtraction 


Another interesting algorithm is one that allows the microprocessor to divide by 
repeated subtraction. The technique is to keep track of the number of times that 
the divisor can be subtracted from the divided. For example, suppose you wish to 
divide 47,, by 15,9. The divisor can be subtracted 3 times: 


First Subtraction Second Subtraction Third Subtraction 


4710 3210 1710 
-1510 fA fT AS. 


3210 1710 210 


Because three subtractions occurred, the quotient is 3. Also, because 2 was left 
after the last subtraction, the remainder is 2. We can verify this by long division: 


310  € Quotient 
divisor — 1510) 4719 © Dividend 
4510 
219 << Remainder 


The microprocessor keeps track of the number of subtractions by incrementing 
the quotient by one each time a subtraction occurs. Of course, the quotient must 
be initially set to zero. 


The divisor is subtracted from the dividend until any further subtraction would 
result in a negative number. The MPU can use the BMI instruction to check for a 
negative result on each loop. The negative result is the indication that the process 
is finished. 
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A flow chart for this algorithm is shown in Figure 3-25. The actual program is 
shown in Figure 3-26. The program is arbitrarily placed in locations 00 through 
10,,. The dividend (47,,) is at address 11,, while the divisor (15,,) is at address 


12,.. When executed, the program will produce the quotient at location 13,, and 
the remainder at location 11,¢. 


Clear 
Accumulator 


Store 
Quotient 


Load 
Dividend 


Subtract 


Divisor 


Is 
result YES 
Negative 


? 
NO STOP 

Store 

Dividend 
Load 

Quotient 

Increment 

Quotient 


Figure 3-25 
Flow chart for dividing by repeated 
subtraction. 
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HEX HEX MNEMONIC/HEX 
ADDRESS | CONTENTS CONTENTS COMMENTS 


Clear the accumulator. 

Store in the quotient which 

is at address location 13 ;¢. 
Load the accumulator with the 
dividend from location 1146. 
Subtract the 

divisor from the dividend. 


If the difference is negative, branch 


down to the Stop instruction. 
Otherwise, store the difference 
back in location 114.. 

Load the accumulator with the 
quotient. 

Increment the quotient by one. 
Branch back to instruction 

in location 01. 

Stop. 

Dividend (47 10). 

Divisor (1549). 

Quotient. 


Figure 3-26 
This program divides by repeatedly 
subtracting the divisor from 
the dividend. 


Refer to the flow chart and the comments column of the program. Before reading 
further, try running through the program on paper. This will give you a feel for 
how the computer solves the problem. 


Now let’s go through the program to see what it does. The first two instructions 
clear the quotient. Next, the dividend (47,,) is loaded into the accumulator and 


the divisor (15,,) is subtracted. The BMI instruction is used to examine the dif- 
ference (32,,). Since the difference is not minus, the branch does not occur. Con- 
sequently, the next instruction stores the difference (32,,) back in the location 


from which the dividend came. In effect, the difference becomes the new 
dividend. Next the quotient (QO) is loaded and is incremented to 1. The program 
then branches back to the instruction in location 01. This instruction stores the 
quotient (1) back in location 13 ,¢. 


On the next pass through the program, the new dividend (32,,) is loaded and the 
divisor (15,,) is subtracted again. This produces a difference of (17,,). Since the 
difference is not negative, the BMI instruction does not cause a branch. Thus, the 
difference is stored back in location 11,,¢. The quotient is loaded into the ac- 
cumulator and is incremented to 2. The BRA instruction causes the program to 
loop once again. The STA instruction in location 01 stores the quotient (2) back 
in location 13, ¢. 


On the third pass the dividend (17,,) is loaded and the divisor (15,,) is sub- 


tracted a third time. The difference (02) is still not negative so no branch occurs. 
The difference is stored away; the quotient is loaded and is incremented to 03. 
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Notice that this is the proper final value for the quotient. Therefore, on the next 
pass, the MPU should be able to break out of the loop. 


The quotient is stored back in location 13,,. The dividend, which now has a 
value of 2, is loaded. The divisor (15,,) is subtracted, leaving a negative number 
(-13,9) in the accumulator. The BMI instruction recognizes that this is a negative 


number and implements a branch operation. Notice that the MPU branches for- 
ward to the STOP instruction. Thus, the program ends with the quotient set to 3. 
The remainder is at address 11,,. That is, the remainder is what remains of the 


dividend after the third subtraction. 


It may bother you that there were four subtractions and that a negative difference 
resulted from the last subtraction. However, you will recall that the quotient was 
incremented only on the first three of these subtractions. Thus, the final quotient 
is 3. Moreover, the negative difference that resulted during the last subtraction 
was never stored. Consequently, the remainder was 2 when the program ended. 


This program does have some drawbacks. For one thing, neither the dividend nor 
the divisor can exceed 127,,. Also, only positive numbers can be used. Finally, 
the program gets hung up in an endless loop if the initial value of the divisor is 
zero. While division by zero is not allowed in mathematics, some provision 
would be made in a practical program to recognize this eventuality. Since the 
program is for demonstration purposes, we will live with these shortcomings for 
the time being. 
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Converting BCD to Binary 


When a microprocessor is used with a terminal such as a teletypewriter, 
numerals are entered as ASCII characters (Programming Reference Guide). For 
example, the number 237,, is entered into memory as three ASCII characters: 


Numeral ASCII Character 
2 0011 0010 
S 0011 0011 
7 0011 0111 


Notice that the four least significant bits of the ASCII character represent the 
BCD value of the corresponding numeral. Thus, we can convert these ASCII 
characters to BCD numbers simply by eliminating the four most significant bits. 
This technique was demonstrated in an earlier experiment. 


While the microprocessor does have some BCD capability, it is often desirable 
to convert BCD numbers to binary. The technique for doing this illustrates an- 
other useful algorithm. 


The BCD representation for 237,, is: 


0010 < hundreds BCD digit 
0011 < tens BCD digit 
0111 < units BCD digit 


Notice that in this example 0010 represents two hundred, 0011 represents thirty, 
and 0111 represents seven. Because of this, there is a simple procedure for con- 
verting BCD to binary. Starting with an initial value of zero, the MPU adds 


100, as many times as indicated by the hundreds digit. It then adds 10,, as in- 


dicated by the tens digit. Finally, the value of the units digit is added on to the 
result. The steps involved look like this: 


1100100, 10019 t One hundred added 


11001004 10019 2 times 
10102 1010 
10105 1010 \ Ten added three times 
1010, 1019 
01115 710 7 units added 


11101101, = 23749 


As you Can see, this procedure ends with a binary result of 1110 1101, which is 
the binary representation for 237 ,o. 
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A flow chart for this procedure is shown in Figure 3-27. Here, the first step is to 
clear the binary result. We will be adding to this result, so it must start out at 
zero. 


Next the program enters a loop in which it adds 100,, to the binary result the 
number of times indicated by the hundreds digits of the BCD number. The hun- 
dreds digit is loaded and tested for zero. If it is not zero, the hundreds digit is 
decremented and stored back in memory. Then the binary result is loaded and 
100, is added. The result is stored away and the loop is repeated. In out ex- 
ample, the hundreds digit was initially 2. Thus, this loop is repeated twice. The 
binary result will have the value 1100 1000, (200,,) when the hundreds digit is 
reduced to zero. At that time, the program exits the decision block via the "yes" 
line and immediately encounters a second loop. 


The second loop is exactly like the first except that 10,) is added to the binary 


result each time the tens digit of the BCD number is decremented. Because the 
tens digit was initially 3, this loop is repeated three times. Ten is added to the 
binary result three times, bringing the result to 1110 0110, (230,,). The program 


exits this loop via the "yes" line on the pass after the tens digit is reduced to zero. 
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The final three blocks add the units digit to the binary result. In our example, the 
units digit was 7,,. This brings the final binary result to 1110 1101,. Notice that 


this is the proper binary representation for the unsigned number 237, . 


A program that carries out this operation is shown in Figure 3-28. The three digit 
BCD number is stored in locations 28,,, 29,,, and 2A,,. The binary equivalent 


will be computed and placed in location 2B,,. Before reading further, try to work 


through the program. Refer to the flow chart and the comments column as you 
trace out the sequence that the MPU will follow. 


HEX HEX MNEMONIC/HEX 


ADDRESS CONTENTS CONTENTS ial 


Clear the accumulator. 
Store 00 
in location 2B. This clears the binary result. 
Load direct 
the hundreds BCD digit. 
If the hundreds digit is zero, branch 
forward to the instruction in location 124. 
Otherwise, decrement the accumulator 
Store the result as the new 
hundreds BCD digit. 
Load direct 
the binary result. 
Add immediate 
10019 to the binary result. 
Store away the new 
binary result. 
Branch 
= back to the instruction in location 03,¢. 
Load direct 
the tens BCD digit. 
If the tens BCD digit is zero, branch 
forward to the instruction in location 2146. 
Otherwise, decrement the accumulator. 
Store the result as the new 
tens BCD digit. 
Load direct 
the binary result. 
Add immediate 
1019 to the binary result. 
Store away the new 
binary result. 
Branch 
back to the instruction in location 12;.. 
Load direct 
the binary result. 
Add direct 
the units BCD digit. 
Store away the new 


Hundreds BCD digit. 

Tens BCD digit. 

Unit BCD digit. 

Reserved for the binary result. 


Figure 3-28 
Program for converting BCD to binary. 
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START 


Clear Binary 
Result 


Load Hundreds 
Digit 


YES 


iO 


NO 
Decrement 
Hundreds 
digit 


Store 
Hundreds 
digit 


Load Binary 
Result 


Add 10049 


Store Binary 
Result 


Figure 3-27 
Flow chart for converting 
BCD to binary. 


Now let’s briefly go through the program. The first two instructions clear the 
location at which the binary number will be formed. 


Next, the program enters the first loop, which is shown as the first shaded area. 
In this loop, the hundreds digit is loaded and tested for zero. If not zero, it is 
decremented and stored away. Then the binary result is loaded and 100,, is 


added. The result is stored away and the loop is repeated. Because the hundreds 
digit was 02 initially, 100,, will be added to the binary result twice. Thus, upon 


leaving this loop, the binary result will have the value 200,5. The MPU escapes 


this loop when the BEQ instruction at address 05 detects that the hundreds digit 
has been reduced to zero. The branch is to the second loop which is shown as an 
unshaded area. 


In the second loop, the tens digit is loaded and tested for zero. If not zero, it is 
decremented and stored away. Then the binary number is loaded, 10,, is added, 


and the result is stored away. This loop is repeated until the tens digit is reduced 
to zero. Because the tens digit was initially three, the loop is repeated three times 
so that thirty is added to the binary number. The BEQ instruction at address 14,, 


allows the MPU to escape the loop and branch to the final program segment. 


Load Tens 
digit 


Is 
it Zero YES 
? 


Decrement 
tens digit 


Load Binary 
Result 


Add units 
digit 
Store tens 
digit 
Store Binary 
Result 


Load Binary 
Result 
Add 1045 
Store Binary 
Result 
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This final segment is the last shaded area. Here, the binary result is loaded and 
the units digit is added. This brings the binary result to 237,). Then the result is 


stored and the program stops. While the number 237,, was used in this example, 
the program will convert any BCD number between 000 and 255,, to its binary 
equivalent. 


Converting Binary to BCD 


A microprocessor generally manipulates data in the form of straight binary num- 
bers. However, before the results can be transmitted to the outside world, the 
data is often converted back to BCD. Frequently, this is an intermediate step in 
converting back to ASCII. 


The binary-to-BCD conversion is the reverse of the process that occurred in the 
previous program. The MPU must determine how many times 100,, can be sub- 


tracted from the binary number. The answer becomes the hundreds BCD digit. 
After the 100;, has been subtracted as many times as possible, 10,, is subtracted 


repeatedly from the remaining number. The number of subtractions becomes the 
tens BCD digit. Finally, after 10,,. has been subtracted as many times as possible, 


the remaining number becomes the units BCD digit. 


For the number 1110 1101, (237,,), the process looks Jike this: 


1110 1101 237 
- 0110 0100 - 100 

1000 1001 137 hundreds digit = 2 
- 0110 0100 - 100 

0010 0101 37 


- 0000 1010 - 10. 
0001 1011 27 = 

- 0000 1010 _- 10 tens digit = 3 
0001 0001 1 


- 0000 1010 - 10 
0000 0111 |] -—— units digit = 7 


One hundred can be subtracted twice. Thus, the hundreds digit is 2,,. or 0010,. 
From the remainder, ten can be subtracted three times. Thus, the tens digit is 3,, 
or 0O011,. Finally, the remainder of 7,) or 0111, becomes the units digit. The 
BCD representation is 0010 0011 0111. 
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Start 


Clear 
Hundreds 
Digit 


Clear 
Tens Digit 


Clear 
Units Digit 


Load Binary 
Number 


Subtract 
100 45 


NO 


Store Binary 
Number 


Load Hundreds 
Digit 


Increment 
Hundreds Digit 


Store 
Hundreds Digit 


Figure 3-29 


Flow chart for converting a binary 
number to a BCD number. 


Figure 3-29 shows the flow chart for this procedure. The first three blocks clear 
the hundreds, tens, and units digits of the BCD result. Then the binary number 
that is to be converted to BCD is loaded and 100,, is subtracted. The outcome is 


tested to see if a negative number resulted. If not, the result is stored away. The 
hundreds digit is loaded, incremented, and stored away. The loop is repeated 
until 100,, can no longer be subtracted. In our example, 100,, can be subtracted 


twice. Therefore, the hundreds digit is incremented to 2. The third subtraction of 
100,, gives a negative result. This allows the MPU to escape the first loop. 


The second loop increments the tens digit to the proper value by subtracting 10,, 


repeatedly and keeping track of the number of subtractions. In our example, this 
loop is repeated three times. Consequently, the tens digit is incremented to 3. 
The binary number that is left over after 10,, is subtracted the proper number of 
times becomes the units digit. That is, upon escaping the second loop, the re- 
maining binary number is stored in the units digit. In our example, the remaining 
number, and therefore the units digit, is 7. 


Load Binary 
Number 


Store in 


NO 
Store Binary 
Number 
Units Digit 
Load Tens 
Digit 
Stop 


Increment 
Tens Digit 


Store Tens 
Digit 
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The program that carries out this procedure is shown in Figure 3-30. At this 
point, you should be able to interpret the program from the comments given. 
However, a couple of points should be explained briefly. Any unsigned binary 
number from 0000 0000 to 1111 1111 can be placed at address 2A,,. The com- 


puter will convert this number into its BCD equivalent. The hundreds digit will 
appear at address 2B,,, the tens digit at 2C,,, and the units digit at 2D,,¢. The 


decision making instructions at addresses OB,, and 1A,,¢ are Branch if Carry Set 


(BCS) instructions. Because these instructions follow immediately after SUB 
instructions, the carry flag will indicate whether or not a borrow occurred. In 
effect, the BCS instructions decide: "Was the result of the subtraction a negative 
number?" 


MNEMONIC/HEX 
ae comes CONTENTS ee 


Clear the accumulator. 

Store 00 

in location 2Byg . This clears the hundreds digit. 
Store 00 

in location 2C ,g. This clears the tens digit. 
Sote 00 

in location 2D;g. This clears the units digit. 
Load direct 

the binary number to be converted. 

Subtract immediate 

100 4. 

If a borrow occurred, branch 

forward to the instruction in location 1646. 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct 

the hundreds digit of the BCD result. 
Increment the hundreds digit. 

Store the hundreds digit 

back where it came from. 

Branch 

back to the instruction at address 0716 

Load direct 

the binary number. 

Subtract immediate 

1040. 

If a borrow occurred, branch 

forward to the instruction in location 2546. 
Otherwise, store the result of the subtraction 
as the new binary number. 

Load direct 

the tens digit. 

Increment the tens digit. 

Store the tens digit 

back where it came from. 

Branch 

back to the instruction at address 164¢. 
Load direct 

the binary number. 

Store it in 

the units digit. 

Stop. 

Place binary number to be converted at this address. 
Hundreds digit \ 


Figure 3-30 
Program for converting a binary 


Reserved for number to a BCD number. 


T digit 
ee BCD result. 


Units digit 
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Self-Test Review 

35. What is an algorithm? 

36. What type of instruction is used to make a decision? 

37. Refer to the program in Figure 3-24. If the multiplier is 8,, and the multi- 
plicand is 15,,, how many times will the BEQ instruction be executed? 

38. Refer to the program in Figure 3-26. What is the largest number that can 
be used as a dividend? 

39. How could this program be modified so it could handle unsigned 
dividends up to 255,,)? 

40. When this program waits, where will the remainder be located? 

41. Refer to the program in Figure 3-28. Assume that addresses 28), 291¢, 
and 2A,, contain 01, 09, and 08 respectively. How many times will 100,, 
be added to address 2B,,? 

42. How many times will 10,, be added? 

43. Refer to the program in Figure 3-30. What is the purpose of the first four 
instructions? 

44. What is the largest binary number that this program can convert to BCD? 
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Answers 


35. An algorithm is a step-by-step procedure for doing a particular job. 
36. Conditional branch instruction. 

37. Nine times. 

38. +127,, or 0111 1111,. 

39. Change the BMI instruction to BCS. 

40. Ataddress 11,,. 

41. Once. 

42. Nine times. 


43. The first four instructions clear the locations where the BCD equivalent 
will be stored. 


44, 1111 1111, or 25540. 
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ADDITIONAL INSTRUCTIONS 


Before leaving this unit, you should also look at four additional instructions. The 
names, opcodes and mnemonics of these instructions are shown in Figure 3-31. 


HEX OPCODE 
MNEMONIC | IMMEDIATE | DIRECT | INHERENT 
ADC 


ADD WITH CARRY 89 99 
SUBTRACT WITH CARRY SBC 82 92 
ARITHMETIC SHIFT ACCUMULATOR LEFT 48 
DECIMAL ADJUST ACCUMULATOR 19 


Figure 3-31 


Four new instructions. 


Recall that the ALU always adds numbers as if they were unsigned binary 
numbers. When it adds 8-bit numbers, a carry often occurs from the MSB, 
setting the C flag. Thus, you can think of the carry flag as an extension of the 
accumulator. Let’s look at some instructions that use the carry flag. 


Add With Carry (ADC) Instruction 


This instruction is similar to the ADD instruction discussed earlier with one 
important difference. If the carry bit is set to 1 before this instruction is ex- 
ecuted, 1 is added to the LSB of the sum. However, if the carry bit is 0 prior 
to execution, then no carry is added. The effect is the same as having the 
carry bit from the previous operation added to the result of the present 
operation. 


Like the ADD instruction, the ADC instruction has two addressing modes: 
immediate and direct. As shown in Figure 3-31, the opcode for "ADD With 
Carry Immediate" is 89,,, while the opcode for "Add With Carry Direct" is 
996: 
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A primary use of the ADC instruction is to simplify multiple-precision arith- 
metic. Multiple-precision means that two or more bytes are used to represent a 
number. Recall that a single byte can represent unsigned binary numbers with 
values up to 255,). However, much larger numbers can be represented by using 


two or more bytes. Two bytes (16 bits) can represent unsigned binary values up 
to 2'®-1 or 65,535,9. Three bytes can represent values to 16,777,215,); etc. Thus, 


the MPU can handle numbers of virtually any size simply by stringing the proper 
number of bytes together. 


Suppose, for example, that two very large numbers are to be added. Figure 3-32 
shows how the addition might look on paper. Notice that two 24-bit numbers are 
being added to form a 24-bit sum. The MPU is restricted to operating on data in 
8-bit bytes. Thus, each quantity involved must be represented by three bytes. 


i / ; >? . 
1 1 11 111 1 €— Carries 
0100 1010 1100 0000 1110 1010 €— Addend 
+0110 0110 0001 1011 1001 0011 €— Augend 


1011 0000 4 1101 1100 i 0111. 1101 €— Sum 
Byte 3 : Byte2 | Bytet 
| 


Figure 3-32 


Multiple-precision addition. 


The MPU must be instructed to add the first byte of the addend to the first byte 
of the augend. This forms the first byte of the sum. Next the MPU must add the 
second bytes of the addend and augend. However, you will notice that there was 
a carry from the first byte to the second byte. If this carry is not added with the 
second bytes, the sum will be in error. The ADC instruction performs this opera- 
tion automatically. 
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The program for adding the multiple-byte numbers could be written as shown in 
Figure 3-33. The three byte addend is stored in locations 13,, through 15,, while 


the augend is stored in locations 16,, through 18,,. Verify that the hexadecimal 
contents shown are the same as the binary values given in Figure 3-32. 


MNEMONIC/HEX 
“muah scarveniek CONTENTS COMMENDS 


Load accumulator direct with 
least significant byte of addend. 
Add direct 

least significant byte of augend. 
Store result in 

least significant byte of sum. 
Load accumulator direct with 
next byte of addend. 

Add the carry direct 

next byte of augend. 

Store result in 

next byte of sum. 

Load accumulator direct with 
most significant byte of addend. 
Add with carry direct 

most significant byte of augend. 
Store result in 

most significant byte of sum. 
Stop. 


Least significant byte 
t Addend. 


Most significant byte 


Least significant byte 
t Augend 


Most significant byte 


Least significant byte t Reserved 


for sum. 


Most significant byte. 


Figure 3-33 


Program for multiple-precision addition. 


The first two instructions add the least significant bytes of the addend and 
augend. The ADD instruction is used because the MPU need not consider earlier 
carries. The first byte of the resulting sum is stored in location 19,¢. 


The next two instructions add the next two bytes. This time the ADC instruction 
is used because the MPU must consider the carry from the previous addition. 
The second byte of the sum is placed in location 1A,¢. 


Finally, the last two bytes are added using the ADC instruction. The final byte of 
the sum is stored in location 1B,<. The program stops when the addition is 


completed. 
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Subtract With Carry (SBC) Instruction 


This instruction simplifies multiple-precision subtraction. You will recall that 
during subtract operations the carry flag indicates whether or not a borrow opera- 
tion occurred. For this reason, this instruction can be thought of as a subtract 
with borrow operation. 


The SBC instruction subtracts the subtrahend from the minuend just as the SUB 
instruction did. However, the SBC instruction has an additional step in that the 
carry bit is also subtracted. As with the other add and subtract instructions, both 
immediate and direct addressing modes are possible. The opcodes for both 
modes are shown in Figure 3-31. 


Figure 3-34 illustrates how multiple-precision numbers can be subtracted. Notice 
that, during the course of this subtraction, byte 1 must "borrow" a 1 from byte 2. 
The SBC instruction allows the MPU to do this. 


11 | 1 Borrows 
1001 0111 | oo10 0001 €— Minuend 
-0111 0101 1000 0001 — Subtrahend 

——— ; 
0010 0001 | 1010 0000 <— Difference 
Byte 2 | Byte 1 
Figure 3-34 


Multiple-precision subtraction. 
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HEX MNEMONIC/HEX 
ADDRESS conrenrs CONTENTS SOMMEMTS 


Load accumulator direct with 

least significant byte of minuend. 
Subtract direct 

least significant byte of subtrahend. 
Store result in 

least significant byte of difference. 
Load accumulator direct with 

most significant byte of minuend. 


Subtract with carry 
most significant byte of the subtrahend. 
Store result in 


most significant byte of the difference. 
Stop. 

Least significant byte 

Most significant byte } Minuend. 
Least significant byte 

Most significant byte } Subtrahend. 
Least significant byte 

Most significant byte } Difference. 


Figure 3-35 


Program for multiple-precision subtraction. 


Figure 3-35 shows a simple program for performing the subtraction. The 
double-precision minuend is at addresses OD,, and OE,,¢, while the subtrahend is 


at addresses OF ,, and 10,,. The program computes the difference and stores it in 
location 11,, and 12,¢. 


The first instruction loads the least significant byte of the minuend. Next, the 
corresponding byte of the subtrahend is subtracted. Since the subtrahend byte is 
larger, a borrow is indicated. Consequently, the carry flag is set to 1. Notice that 
the SUB rather than the SBC instruction is used. This is done because the first 
byte should not be affected by any previous borrow or carry. The result of the 
subtraction is stored away to become the least significant byte of the difference. 


The most significant byte of the minuend is loaded next and the corresponding 
byte of the subtrahend is subtracted. However, this time the SBC instruction is 
used. And since the carry flag is set, an additional 1 is subtracted from the 
minuend to complete the borrow operation. The result of the subtraction be- 
comes the most significant byte of the difference. 
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Arithmetic Shift Accumulator 
Left (ASLA) Instruction 


The ASLA instruction shifts the contents of the accumulator to the left by one 
space. Figure 3-36 illustrates the repeated execution of this instruction. Figure 
3-36A shows the condition of the accumulator and carry bit. In this example, the 
number in the accumulator is arbitrarily assumed to be 10,,). Also, the carry bit is 


arbitrarily assumed to be cleared. 


CARRY 
REGISTER ACCUMULATOR 


CLL LLL A Ad A 
fof fof ofof iff fo, BEFORE SHIFT 


o—t/0 AFTER — SHIFT 
CARRY BIT 
SHIFTED OUT = MSB SHIFTED ZERO SHIFTED 
ANDLOST INTO CARRY BIT INTO LSB 
CCl dA LL A Cc 
fof of of fof ofofol, AFTER SECOND SHIFT 
<q 
CL LAL Lf A 5 
fof of fof fof ofofol, AFTER THIRD SHIFT 
<q 
CPP LEL ALS : 
fof} ‘ifof 1fofol oof 01) AFTER FOURTH SHIFT 
se 
SAP AZAL LALA G . 
ff of fof fol ofofof AFTER FIFTH SHIFT 
~<—- 
SHIFTED OUT 


AND LOST SZ ae LLALLZa . 
Fe) fof} ‘for ofof of oo, AFTER SIXTH SHIFT 
ie 
Figure 3-36 


Repeatedly implementing the ASLA instruction. 


Figure 3-36B shows the contents of the accumulator and carry bit after the 
ASLA instruction is executed. Notice that the number is shifted one bit to the 
left. Also, a 0 is shifted into the LSB. At the same time, the MSB is shifted into 
the carry bit. The old carry bit is shifted out and is lost. 
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You can understand one purpose of this instruction by examining the numbers in 
the accumulator before and after the instruction is executed. Before the shift, the 
number is 10,0; afterwards the number is 20,0: The number has been doubled. If 


you will try several different examples, you will see that any binary number can 
be multiplied by two simply by shifting the number one bit to the left. This holds 
true as long as the capacity of the accumulator is not exceeded. 


Figures 3-36C through G show what happens if the MPU continues to execute 
ASLA instructions. The number continues to double. The number in the ac- 
cumulator becomes 40, , then 80,,, then 160,). Each shift multiplies the number 


by two. On the fifth shift, the capacity of the accumulator is exceeded as the 
most significant 1 bit shifts into the carry bit. After the sixth shift, the leading 1 
is lost altogether. When you use this technique to multiply by two or by a power 
of two, you must not exceed the capacity of the accumulator. 


Another use of the ASLA instruction is to pack two BCD digits in a single byte. 
Earlier when we worked with BCD numbers, we assumed that each BCD digit 
resided in a separate memory byte. However, because a BCD digit has only 4 
bits, memory space is wasted by assigning each digit a separate byte. Frequently, 
it is more desirable to "pack" two BCD digits into a single byte. A simple routine 
for doing this is shown in Figure 3-37. If dozens of BCD numbers are to be 
manipulated, a routine that uses a procedure similar to this can save substantial 
memory space. At the same time, it puts the BCD numbers into a more conven- 
ient and usable form. 


HEX HEX MNEMONICS/HEX COMMENTS 
ADDRESS CONTENTS CONTENTS 


Load into the accumulator direct 
the unpacked most significant BCD digit. 


Shift it four places to 
the left. 


Add 

the unpacked least significant BCD digit. 
Store the result as 

two packed BCD digits. 

Stop. 

Packed BCD digits. 

Most significant BCD digit (unpacked). 
Least significant BCD digit (unpacked). 


Figure 3-37 
Program for packing two BCD 
digits into a single byte. 


The procedure carried out by the program is quite simple. The most significant 
BCD digit is loaded into the accumulator. It is then shifted four places to the left 
to make room for the least significant BCD digit. The least significant digit is 
then added to form a packed BCD number. The resulting single byte number is 
stored back in memory. 
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Decimal Adjust Accumulator (DAA) Instruction 


Earlier in this unit, the problems of converting from BCD to binary and back 
again were considered. While this conversion is frequently necessary, many 
microprocessors have some limited BCD arithmetic capabilities. Our hypotheti- 
cal MPU has an instruction that greatly simplifies BCD arithmetic. It is called 
the Decimal Adjust Accumulator (DAA) Instruction. When used in conjunction 
with the ADD or ADC instruction, it allows the MPU to add BCD numbers di- 
rectly without an intermediate binary conversion. 


Recall that the ALU adds input data bytes as if they were unsigned binary num- 
bers. Therefore, if two BCD digits are added, the sum may be incorrect. For 
example, assume that the MPU adds the BCD digits 0111 and 0101. The ALU 
produces the result 


1 
0111 
+ 0101 


1100 


This answer is the correct binary result, 12,,); but it is not the proper BCD result. 
Recall that in BCD, 12,, is represented as 0001 0010. Notice that you can obtain 
the proper BCD result by adding 0110, to the binary result. The addition of 
0110, is necessary anytime that the binary result exceeds 1001,. 


To produce the proper BCD result when adding two BCD digits, the MPU must 
follow this procedure: 


1. Ifthe sum is 1001, or less, use the sum as the single digit BCD result. 


2. If the sum is greater than 1001,, add 0110, and use the result as a 
2-digit BCD number. 


The situation becomes more complex when packed BCD numbers are added. 
Consider adding 0111 1001 p¢p (799) to 0111 OO11g¢p (73)9). The ALU adds 
these packed BCD numbers as if they were unsigned binary numbers. The result 
is - 


11 1 
0111 1001 
0111 0011 
1110 1100 
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Notice that the result is not a BCD number, since both 4-bit groups exceed 
1001,. Even so, the sum can be converted to BCD by adding 0110, to each 4-bit 
group. The result is 


1 111 
1110 1100 
0110 0110 

1 0101 0010 


There is a carry from bit 7 that sets the carry bit. This carry bit becomes the most 
significant BCD digit. Thus, the final BCD result is 0001 0101 0010,,p or 


152 


If you consider all possible combinations of BCD numbers, you will find that 
four different situations exist: 


1. When some BCD numbers are added, the binary result produced by 
the ALU is equal to the proper BCD representation. This occurs when 
both BCD digits of the result are 1001, or less. 


2. The binary sum is adjusted by adding 06,, if the least significant 
BCD digit exceeds 1001, but the most significant BCD digit does 
not. 


3. The binary sum is adjusted by adding 60,, if the most significant 
BCD digit exceeds 1001, but the least significant BCD digit does not. 


4. The binary sum is adjusted by adding 66,, if both BCD digits exceed 
1001,. 


While this procedure could be programmed, it would be much better if the MPU 
performed these operations automatically. Fortunately, our hypothetical 
microprocessor does this. The programmer simply informs the MPU that the 
numbers being added are BCD numbers. The MPU automatically computes the 
proper BCD result. The way the programmer informs the MPU is via the DAA 
instruction. When the DAA instruction is placed immediately after an ADD or 
ADC instruction, the MPU automatically converts the sum to the proper BCD 
number. 
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Suppose, for example, that you wish to add two BCD numbers. Assume the 
numbers are 3792,, and 5482,,. Naturally, the sum should be 9274,,. A program 


for solving this problem is shown in Figure 3-38. The BCD addend (3792,,) is in 
addresses OF,, and 10,,. The augend (5482,,) is in locations 11,, and 12,,. The 
BCD sum will be placed in locations 13,, and 14,,. 


HEX HEX MNEMONICS/HEX 
ADDRESS CONTENTS CONTENTS Cennenere 


Load into the accumulator direct 

the least significant half of the addend. 
Add 

the least significant half of the augend. 
Decimal adjust the sum to BCD. 

Store the result as the 

least significant half of the sum. 

Load 

the most significant half of the addend. 
Add 

the most significant half of the augend. 
Decimal adjust the sum to BCD. 

Store the result as the 

most significant half of the sum. 

Stop. 


} BcD Addend 


} BCD Augend. 


\ Reserved for BCD sum. 


Figure 3-38 
Program for adding multiple-precision 
BCD numbers. 


The first two instructions add the least significant halves of the addend and 
augend. The ADD instruction is followed immediately by the DAA instruction. 
Therefore, the sum is adjusted to a packed BCD number. The result is stored in 
location 14,, as the lower half of the BCD sum. 


Next, the upper halves of the addend and augend are added. This time, the ADC 
instruction is used because the carry from the previous addition must be added 
in. Again, the DAA instruction adjusts the sum to BCD. The result is stored as 
the upper half of the BCD sum. 


The DAA instruction must be used properly. It can be used only with addition. 
Also, it must be used immediately after the addition instruction. It can not be 
used to convert just any binary number to BCD. It only converts the sum of BCD 
numbers to the BCD format. 
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Self-Test Review 

45. How is the ADC instruction different from the ADD instruction? 

46. How is the SBC instruction different from the SUB instruction? 

47. A primary use of the ADC and SBC instructions is_ in 

: arithmetic. 

48. The accumulator contains the number 7,,. If two ASLA instructions are 
executed, what number will be in the accumulator? 

49. What is the difference between packed and unpacked BCD numbers? 

50. When adding unpacked BCD numbers, under what condition must 0110, 
be added to the sum in order to form a BCD sum? 

51. What instruction is used to automatically adjust the sum to the proper 
BCD format when two BCD numbers are added? 

52. Can the DAA instruction be used after a SUB instruction to produce the 


proper BCD difference when two BCD numbers are subtracted? 
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Answers 


45.  Whenthe ADC instruction is executed, an additional 1 is added to the sum 
if the carry flag is set. 


46. When the SBC instruction is executed, an additional 1 is subtracted from 
the difference if the carry flag is set. 


47. Miultiple-precision. 


48. The first ASLA instruction multiplies the number by two, giving 14,). The 
second ASLA doubles this number, giving 28 jo. 


49. With packed BCD numbers, each byte contains two BCD digits. With 
unpacked BCD numbers, each byte contains one BCD digit. 


50. When two BCD digits are added, 0110, must be added to the sum if the 
sum exceeds 1001,. 


51. The Decimal Adjust Accumulator (DAA) instruction. 


52. No. The DAA instruction is used in conjunction with add instructions 
only. 
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UNIT 3 SUMMARY 


10. 


ii, 


2. 


13, 


There are two levels of programming languages generally recognized. The 
lowest of these is the machine language of the microprocessor. This is the 
only language it understands directly. 


The instruction set of a microprocessor is a listing of all the instructions it 
can execute along with their mnemonics and hexadecimal binary equiv- 
alents. Appendix A and the Programming Reference Guide supplied with 
this course contain the complete instruction set for the MC68HC11A8 
chip in the ET-3800 Trainer. 


The instructions in "straight line" programs are executed one after another 
in the order in which they are written. 


The process called looping allows a section of a program to be repeated as 
Often as it is needed. 


Jump and branch instructions allow a programmer to create program 
loops. 


Branch instructions use relative addressing to control the operation of the 
program loop. 


The relative address is a value that is added to the MPU program counter 
to determine the address of the next instruction to be executed in the 
program. 


The relative address is found in the second byte of a branch instruction. 


Branching forward, the relative address is a positive value. Branching 
backward, the relative address is a negative value written in two’s comple- 
ment form. 


The unconditional branch instruction forces the MPU to always branch 
when the instruction is executed. 


The conditional branch instruction will only force the MPU to branch 
when a specified condition is met. If the condition is not met, the branch 
instruction will be ignored. 


Conditional execution of a branch instruction is determined by the status 
of four condition code registers. These single bit registers are called carry, 
negative, zero, and overflow. 


The carry condition code register acts as an extension of the accumulator. 
If a carry or borrow is generated during an arithmetic operation, the carry 
register bit is set. If no carry or borrow occurred, the bit is cleared. 
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14. The negative condition code register monitors the MSB of the ac- 
cumulator. If that bit is one, the negative register bit is set. If the MSB of 
the accumulator is zero, the negative register bit is cleared. Not all ac- 
cumulator operations affect the negative condition code register. 


15. The zero condition code register monitors all bits of the accumulator. If 
they are all zero after an operation, the zero register bit is set. If any of the 
accumulator bits are one, the zero register bit is cleared. Most accumulator 
operations affect the status of the zero register. 


16. The overflow condition code register monitors the status of the sign bit 
during an add, subtract, or compare operation. If the sign bit of the result 
does not match the sign bit of the addend or minuend; or if the sign bit 
matches but there was a carry or borrow, the overflow register is set. If 
there was no overflow, the register is cleared. 


17. Writing complex and lengthy programs requires some form of organiza- 
tion for problem solving. Generally there are three steps to writing a 
program: define the problem, map or flowchart the solution, write the 
program. 


18. A flowchart is a form of project blueprint. 


19. Standard flowchart symbols should be used to allow any programmer to 
interpret the program solution. 


20. The flowchart symbol terminal indicates the beginning and end of a 
flowchart. 


21. The flowchart symbol operations box is used to represent a transfer 
process, an algebraic process, or any process that doesn’t have a specific 
symbol. 


22. The flowchart symbol decision box is used to indicate a logical choice 
between two conditions. 


23. Flowchart flow lines and conncctors are used to tie the symbols and sec- 
tions in a flowchart together. 


24. The five most common mathematical symbols used in a flowchart are: 
equal to, greater than, less than, greater than or equal to, and less than or 
equal to. 


25. The unconditional branch in a flowchart corresponds to the unconditional 
branch in a program. 


26. The conditional branch in a flowchart corresponds to the conditional 
branch in a program. 


27. An algorithm is a step-by-step procedure for doing a particular job that 
cannot be handled directly by the microcomputer, such as multiplication. 
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Most data received by or transmitted from a microcomputer is in ASCII 
coded form. 


The least significant four bits of an ASCII coded character represent the 
BCD value of the corresponding numeral. 


To convert ASCII coded numerals to BCD code, subtract the binary value 
00110000 from the ASCII code. 


Multiple-digit BCD code is converted to binary by adding the positional 
weight of each code digit to itself, in binary, the number of times specified 
by the digit. Then all of the binary sums are added together. 


Binary data is converted to BCD code by repeatedly subtracting the binary 
equivalent of the hundreds digit, the tens digit, and the ones digit form the 
binary value, beginning with the hundreds digit. The number of times each 
digit can be subtracted represents the BCD value for that decimal posi- 
tional weight. 


To convert BCD code to ASCII code, add the binary value 00110000 to 
the BCD code. 


Multiple-precision numbers use two or more bytes to represent the 
number. 


The add with carry and subtract with carry (borrow) instructions are used 
to simplify multiple-precision arithmetic. 


The ASLA instruction shifts the MSB of the accumulator into the carry 
condition code register and a zero into the LSB. 


The DAA instruction is used to adjust the result after a BCD arithmetic 
operation. A carry into the next digit position is recorded in the carry con- 
dition code register. 
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INTRODUCTION 


You have studied a simplified hypothetical microprocessor to develop your un- 
derstanding of the actual MPU used in the ET-3800 trainer. This simplified MPU 
version is, however, very similar to the actual processor chip, the 
MC68HC11A8, used in the ET-3800 trainer. In this unit, you will begin your 
study of this microprocessor by becoming familiar with its architecture, 
programming model, block diagram and instruction set. 


By definition a microcomputer consists of a central processing unit (CPU), read 
only memory (ROM), control, and timing circuits. Because the MC68HC11A8 
(68HC11) chip contains these and other circuits/features, it may be technically 
referred to as a microcomputer chip. We, however, will continue to refer to the 
chip as a microprocessor or MPU. This is because we are mainly interested in 
programming the central processor unit (CPU) part of the chip. 


The 68HC11 is a member of Motorola’s MC6800 family of microprocessors 
which began in 1974 with the introduction of the MC6800 chip. Members of this 
family include the MC6801 and MC6808 microprocessors, among others. One 
advantage of the "family" concept of microprocessor chips is that many of the 
language instructions used in programming one family member can also be used 
to program other family members. In this sense the 68HC11 chip is said to be 
fully compatible with the other members of the family. This is because of certain 
design similarities, and the 68HC11’s ability to understand and execute instruc- 
tions from the 6800 family instruction set. As a result of this compatibility be- 
tween family members, an assembly language program originally written for the 
main differences between the individual microprocessor family members deal 
mostly with hardware. This involves on-chip, support circuitry such as clocks, 
timers, random access memory (RAM), real only memory (ROM), electrically 
erasable programmable read only memory (EEPROM), and other support cir- 
cuits for the CPU. The CPU in the 68HC11 is basically an extension in design of 
the MC6800/6801 CPU. In addition to its ability to execute all 71 MC6800 in- 
structions, the 68HC11 CPU has a "paged" opcode map with a total of 91 new 
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opcodes. Although a full demonstration and use of some of these opcodes deal 
with applications beyond the scope of this course, we will become quite familiar 
with the most important opcodes, and those essential to the understanding of 
microprocessor programming. Also, because many of the terms and concepts 
you will learn apply to other microprocessors, learning this material will enable 
you to understand, and work with, a variety of different 8-bit microprocessors in 
addition to the 68HC11. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


1. 


ns 


Draw a programming model of the 68HC11 MPU. 


Explain the purpose of each block in a simplified block diagram of the 
68HC11 MPU. 


Using Appendix A and Figure 4-24 as references, explain the operation of 
all the instructions discussed in this unit. 


Write simple programs that use indexed and extended addressing. 
Given an instruction discussed, and Figure 4-24, find the opcode, number of 


machine cycles, number of bytes, and how the execution of an instruction 
affects the condition code register. 
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ARCHITECTURE OF THE 68HC11 MPU 


In computer jargon, the word architecture is used to describe the computer’s 
style of construction, its register size and arrangement, its bus configuration, etc. 
The architecture of our hypothetical microprocessor is shown for one last time in 
Figure 4-1. By now you should be quite familiar and comfortable with this 


architecture. 
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Figure 4-1 
Architecture of the hypothetical microcomputer. 
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The only reason for showing the details of the model is to give you an idea of 
what goes on inside the integrated circuit. In an actual microprocessor the inter- 
nal structure is often so complex that we become bogged down in details if we 
attempt to analyze it too closely. For this reason, a programming model is gener- 
ally used when a microprocessor is being introduced for the first time. In the 
programming model, the emphasis is shifted upward by an order of magnitude. 
Any register or circuit that cannot be directly controlled by the programmer is 
simply ignored. Consider the data register for example. There are no instructions 
that give the programmer direct control over this register. That is, there are no 
instructions such as Load Data Register, Store Data Register, etc. All data regis- 
ter activity is controlled strictly by the MPU. Thus, the programmer can simply 
ignore the existence of this register. The same is true of the address register, the 
instruction decoder, the controller-sequencer, etc. Therefore, the programming 
model of our hypothetical MPU can be represented as shown in Figure 4-2. This 
simple diagram is sufficient for most programming applications since it shows 
all the registers that can be directly controlled by the program. 


Fs 0 
[| ACCUMULATOR 
7 0 


[____________] PROGRAM COUNTER 
IN|Z/V]C] CONDITION CODE 


REGISTERS 


Figure 4-2 
Programming model of the hypothetical MPU. 
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Programming Model of the 68HC11 MPU 


The 68HC11 MPU is much more complex than our hypothetical MPU. Conse- 
quently, a programming model of the 68HC11 makes a good starting point. The 
programming model is shown in Figure 4-3. 


7 8 0 | 8-Bit Accumulators A and B 
a 


15 IX 0} Index Register X 
15 SP 0} Stack Pointer 
15 PC 0} Program Counter 


“J 
oO 


S X H | N 2 WV C | Condition Code Register 


Carry/Borrow from MSB 
Overflow 

Zero 

Negative 

|-Interrupt Mask 

Half Carry (from Bit 3) 
X-Interrupt Mask 

Stop Disable 


Figure 4-3 
Programming model of the 68AC11 MPU. 


You will notice immediately that the 68HC11 MPU has several additional 
registers. However, only two kinds of these, the index register and the stack 
pointer, are actually new to you. Let’s look at the major differences between this 
MPU and our hypothetical model. 


Two Accumulators The 68HC11 MPU has two accumulators instead of one. 
They are called accumulator A (ACCA) and accumulator B (ACCB). Each has 
its own group of instructions associated with it. The names and mnemonics of 
the instructions specify which accumulator is to be used. Thus, there are instruc- 
tions such as: 


Load Accumulator A (LDAA) 
Load Accumulator B (LDAB) 
Store Accumulator A (STAA) 
Store Accumulator B (STAB) 


Notice that a letter is added to both the name and the mnemonic to indicate 
which accumulator is being used. 
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From your previous programming experience, you can visualize the value of a 
second accumulator. For example consider a program in which the MPU counts 
the number of times that some operation occurs. In the past, we stored the num- 
ber that the accumulator was presently working on, loaded the count into the 
accumulator; incremented the count; stored the count; and reloaded the original 
number. With a second accumulator, none of this is necessary. We can simply 
maintain the count in accumulator B while working with the number in ac- 
cumulator A. In fact, we can perform any arithmetic or logic operation on two 
different numbers without having to shift the numbers back and forth between 
memory. As with other 6800 family members, the A and B accumulators can be 
concatenated into a single, 16-bit, "D" accumulator for double bytes. 


16-Bit Program Counter The program counter in the 68HC11 has 16 bits 
rather that 8. Thus, it can specify 65,536 different addresses. This means that a 
68HC11 based microcomputer can have up to 65,536 bytes of memory. Most 
applications require substantially less memory than this maximum number. For- 
tunately, we can use as little or as much memory as we need up to the 2'° byte 
limit. 


Since the program counter has 16 bits, the address bus must also be 16-bits wide. 
Contrast this with the 8-bit address bus of our hypothetical machine. 


You may wonder how we specify a 16-bit address with an 8-bit byte. The obvi- 
ous answer is that two 8-bit bytes are required. Recall that in the direct address- 
ing mode, the address was specified by a single 8-bit byte. The 68HC11 
microprocessor retains this addressing mode. However, since an 8-bit address 
can specify only 256 addresses, the 68HC11 PMU can use this mode only if the 
operand is in the first 256 bytes of memory. To reach higher addresses, a new 
addressing mode called extended addressing must be used. In the extended 
addressing mode, two bytes are used to represent each address. This addressing 
mode will be discussed in more detail later. For now, keep in mid that there are 
65,536 possible addresses. The lowest address is 0000,, and the highest is 


FFFF,,. Using extended addressing, we have access to any location in memory, 
but a 2-byte address is required. 


Condition Code Registers The 68HC11 has eight condition code bits or flags. 
Each of these can be referred to by bit position (0-7) or name in the condition 
code register shown in Figure 4-3. Four of these are almost identical to those 
discussed earlier. These include the negative (N), zero (Z), overflow (V), and 
carry (C) condition codes. A difference arises because there are two ac- 
cumulators in the 68HC11. Thus, the carry flag is set whenever there is a carry 
from either accumulator. Also, an overflow in either accumulator will set the V 
flag. Later in this unit, you will see how the condition codes are affected by the 
execution of certain instructions. 


Four new condition codes are also shown in Figure 4-3. The I interrupt mask is 
used to disable (mask) all maskable interrupts. It can be set either by hardware or 
program instruction. The X interrupt mask is similar to the I mask, however, it is 
set only by hardware (Reset or XIRQ) and is cleared only by program instruction 
(TAP or RTI). The use of these will be discussed further when you study the use 
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of interrupts. Occupying a bit position between the I and X interrupt masks is the 
half carry flag (H). The H flag is set when there is a carry from bit 3 (tu 4) of the 
accumulator. The MPU uses this flag to determine how to impleme,it the 
decimal adjust instruction. Finally, the last condition code bit is the stop disable, 
or S-flag. This is set, under program control, to disable the STOP instruction. 
When STOP is disabled in this manner, its program execution is treated as a 
no-operation or NOP instruction. NOP will be discussed in more detail later in 
the unit. Because the last two condition code flags (X and S) are generally not 
affected by most of the instructions to be discussed, the effects on only the first 
six condition code flags will be considered for clarity. 


Index Registers The index registers, IX and IY are special-purpose, 16-bit 
registers that greatly increase the power of the microprocessor. They allow a 
powerful address mode called indexed addressing. We will examine this 
addressing mode later in this unit. For now, consider the index registers to be 
just other working registers. The fact that they can hold two bytes instead of one 
can be put to good use. The MPU has instructions that allow the index registers 
to be loaded from two adjacent memory bytes. Another instruction allows us to 
store the contents of the index registers in two adjacent memory locations. This 
allows us to move data in 2-byte groups. Also, the index registers can be 
incremented and decremented. This lets us maintain 16-bit count tallies. 


The dual index register architecture of the 68HC11 is a design improvement over 
earlier 6800 family members. Although both the IX andIY registers can be 
similarly used for indexed addressing, counting, or temporary data storage, 
certain instructions, particularly those for the IY register, require an extra byte, 
or prebyte, of machine code. The necessity of the prebyte arose as a result of the 
68HC11’s expanded instruction set with the addition of new instructions not 
used with previous 6800 family members. 


The addition of a prebyte to an instruction effectively makes it a two-byte 
instruction that also requires an extra cycle of execution time (compared to a one 
byte opcode). Other than the extra opcode byte (anc extra machine cycle of 
execution time) a prebyte instruction is programmed and executed just like an 
Ordinary (non-prebyte) instruction. Typical (actual) prebyte values in the 
68HC11 instruction set are 18,, and 1A,,¢. You will notice these when you study 
the 68HC11 instruction set in detail a bit later in this unit. Keep in mind that, 
when programming instructions requiring prebytes, the appropriate prebyte 
opcode is programmed into a memory location (M), and the instruction opcode is 
programmed into the following memory location (M+1), just like in program- 
ming any other two bytes of data. The use of instructions requiring pre-bytes is 
demonstrated in selected experiments in the Workbook. 
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Block Diagram of the 68HC11 MPU 


Now that you have seen the programming model of the 68HC11 MPU, take a 
look at the block diagram. A simplified block diagram is shown in Figure 4-4. 
Several data paths, most control lines, and a temporary storage register have 
been omitted in favor of the major data paths and registers. 
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/ Figure 4-4 
Simplified block diagram of the 68HC11 MPU. 
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Self-Test Review 


i. The microprocessor on which our hypothetical model and the ET-3800 are 
based is the MPU. 


pa A major difference between our hypothetical model and the 68HC11 MPU 
is that the latter has two ' 


A The program counter in the 68HC11 MPU has bits. 
4. How wide is the address bus in a 68HC11 based microcomputer? 
a. What is the range of addresses in the 68HC11 MPU? 


6. List the eight condition code flags. 


te Besides the program counter, and address register, what other 16-bit regis- 
ters are used in the 68HC11 MPU? 


8. In the 68HC11 MPU, does each accumulator have its own carry flag? 
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Answers 


I. MC68HC11A8, or 68HC11 for short. 


2. Accumulators. 
3, 164. 
4. 16, bits. 


5. From 0000 to 65,535 ,, or 0000 to FFFF ¢. 


6. Carry —— borrow (C) 
Overflow (V) 
Zero (Z) 
Negative (N) 
Interrupt Mask (I) 
Half Carry (H) 
Interrupt Mask (X) 
Stop Disable (S) 


Vs Index registers and stack pointer. 


8. No, the two accumulators share a common carry flag. 
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INSTRUCTION SET OF THE 68HC11 MPU 


As a descendant of the MC6801 MPU, the 68HC11 can execute all seventy-one 
6800/6801 instructions. Additionally, the 68HC11 uses a four-page opcode map 
that enables it to execute ninety-one new opcodes. This section will describe the 
use of some of the more representative and fundamental instructions which can 
be executed by the 68HC11. 


These instructions can be broken down into seven general categories. While 
some of the categories overlap, the general classifications of instructions are: 
arithmetic, data handling, logic data test, index register and stack pointer, jump 
and branch, and condition code. In this unit we will discuss most of these in- 
structions in detail. Most of the instructions that are not discussed in this unit 
will be described in the following units. 


In this section we will not be concerned with addressing modes. Therefore, no 
opcodes are given. Later, we will look at the various addressing modes and op- 
codes. For now, though, let’s identify the instructions by their names, 
mnemonics, and operations. You will see what each instruction does and how it 
affects the first six condition code registers. 


Because of the large number of instructions covered in this section the explana- 
tions will be general and brief. You are not expected to remember all the details 
of every instruction. For your convenience, the MC68HC11A8 Programming 
Reference Guide has been included with this course for frequently referenced 
information. You will find it a useful and handy reference particularly while 
performing the experiments. Also, Appendix A of this course contains a detailed 
listing of all 68HC11 instructions. It explains every detail of the various instruc- 
tions. After studying this unit, look through the Programming Reference Guide 
and turn to Appendix A to review the explanations given there. As you become 
more acquainted with the microproccssor’s instruction set and function, you will 
find yourself using these reference sources to quickly access needed information. 
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Arithmetic Instructions 


Figure 4-5 shows representative arithmetic instructions of the 68HC11 MPU. 
The name of each instruction is given on the left. The next column contains the 
mnemonics. The center column gives a shorthand description of what the in- 
struction does. The right-hand columns show how the first six condition code 
registers are affected. 


BOOLEAN/ARITHMETIC OPERATION COND. CODE REG. 
ACCUMULATOR AND MEMORY (All register labels 
OPERATIONS MNEMONIC refer to contents) 


Add A+M—-A 
B+M—-B 

Add Acmitrs A+B-—- A 

Add with Carry A+M+C—-A 
B+M+C—-B 

Complement 2’s 00-M—M 

(Negate) 00-A—-A 

00-B—B 

Decimal Adjust, A Converts Binary Add. of BCD Characters 
into BCD Format* 

Subtract A-M-A 
B-M—B 

Subtract Acmitrs. A-B-A 

Subtr. with Carry A-M-C—-A 
B-M-C—B 
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PODER CO O88 BOOK 


* Used after ABA, ADC, and ADD in BCD arithmetic operation; each 8-bit byte regarded as containing two 
4-bit BCD numbers. DAA adds 0110 to lower half-byte if least significant number >1001 or if preceding 
instruction caused a Half-carry. Adds 0110 to upper half-byte if most significant number >1001 or if pre- 
ceding instruction caused a Carry. Also adds 0110 to upper half-byte if least significant number >1001 
and most significant number = 9. 


* NOTE: Condition Code bits 6 and 7 are generally not affected by these instructions 


(Bit set if test is true and cleared otherwise) 


@ (Bit V)_ Test: Result = 10000000? 


© 


(BitC) Test: Result = 00000000? 


@ (BitC) Test: Decimal value of most significant BCD Character greater than nine? 
(Not cleared if previously set.) 


Figure 4-5 


Arithmetic instructions. 
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To be certain you have the idea, let’s go through the first instruction in detail. 
The first instruction is the add instruction. Actually, since the 68HC11 has two 
accumulators, there are two add instructions. Their mnemonics are ADDA and 
ADDB. Notice that the final letter of the mnemonic indicates which accumulator 
(A or B) is involved. The shorthand representation of the operation is A+M—>A. 
The note at the top of this column tells you that the register labels refer to the 
contents of the register. Thus, A means the contents of accumulator A and M 
means the contents of the affected memory location. The symbol (—) means 
"Transfer into." Therefore, A+M—A means "Add the contents of accumulator A 
to the contents of the affected memory location and transfer the sum into ac- 
cumulator A." 


To see how the condition code flags are affected, you simply look over to the 
right under whatever condition code you are interested in. Generally, the condi- 
tion code is either unaffected or is tested and set accordingly. When the condi- 
tion code is unaffected, this is represented by the symbol (*). For example, none 
of the arithmetic instructions affect the I flag. Most of the arithmetic instructions 
test the condition codes and set them if the condition exists. For example, if the 
result of an arithmetic operation is zero, the Z flag is set to 1. If this condition 
does not exist, the Z flag is reset or cleared to 0. The symbol (1) means "test and 
set if true; clear otherwise." Occasionally, a note is necessary to describe some 
unusual situation regarding the condition code. This is represented by a number 
within a circle. The notes are given at the bottom of the drawing. 


The ADDA and ADDB instructions are self-explanatory. The ABA instruction 
adds the contents of accumulator A to the contents of accumulator B. The result 
is stored in accumulator A. 


The add with carry instructions are identical to those discussed earlier for our 
hypothetical machine. Notice that the carry bit is added in with the sum. 


Because two’s complement arithmetic is used in the 68HC11 MPU, instructions 
are provided that allow us to take the two’s complement of a number. The negate 
instruction subtracts the contents of the affected register from 00,,. This is the 


same as taking the two’s complement of the number. The affected register can be 
any memory location (M) or either accumulator (A or B). Thus, there are three 
different negate instructions. Keep in mind that NEG means "take the two’s 
complement of the affected memory location;" NEGA means "take the two’s 
complement of accumulator A;" etc. 


Notice that the NEG instruction allows us to operate on a byte in memory with- 
Out first fetching the operand from memory. In the past, we have loaded the 
operand, performed the operation, and then stored the new operand. However, 
the 68HC11 allows us to perform certain operations on the operand without first 
fetching it from memory. Several examples of this will be pointed out as we 
progress through the instruction set. 


The decimal adjust instruction performs exactly as it did in our hypothetical 
machine. The note immediately under the table summarizes its operation. It must 
also be pointed out that this instruction works only with accumulator A. 
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The subtract and the subtract with carry instructions are self-explanatory. They 
perform as described earlier for our hypothetical MPU. The 68HC11 MPU has 
an additional subtract instruction. The SBA instruction subtracts the contents of 
accumulator B from the contents of accumulator A. The resulting difference is 
placed in accumulator A. 


Data Handling Instructions 


Figure 4-6 contains a listing of the most important data handling instructions 
used by the 68HC11 MPU. This is the largest group of 68HC11 instructions. 


The clear instructions allow us to clear a memory location or either accumulator. 
In the past, we have cleared bytes of memory by first clearing the accumulator 
and then storing the resulting 00,, in the proper memory location. However, the 
CLR instruction allows us to clear a memory location with a single instruction. 
Notice that some new entries appear in the condition code registers column. R 
means that the condition code is always reset or cleared to 0. S means that the 
code is always set to 1. 


The decrement instruction allows us to subtract 1 from a memory location or 
from either accumulator. The DEC instruction is especially valuable since it 
allows us to decrement a byte in memory with a single instruction. Previously we 
have loaded the byte, decremented it, and then stored it back in memory. 


The increment instructions are similar except they allow us to add 1 to a memory 
location or one of the accumulators. Notice that the INC instruction allows us to 
maintain a tally in memory without having to load it, increment it, and then store 
it away. 


The load accumulator instructions are self-explanatory. Notice that either ac- 
cumulator can be loaded from memory. 
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BOOLEAN/ARITHMETIC OPERATION COND. CODE REG. 
ACCUMULATOR AND MEMORY (All register labels 
OPERATIONS MNEMONIC refer to contents) 


Decrement 


oe eo ef; DD D 


Increment 


Load Acmitr 


Rotate Left 


Rotate Right 


Shift Left, Arithmetic 


Shift Right, Arithmetic 


Shift Right, Logic 


Store Acmitr 


Transfer Acmitrs 
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® (Bit V) Test: Operand = 10000000 prior to execution? 
© (Bit V) Test: Operand = 01111111 prior to execution? 
© (Bit V) Test: Set equal to result of N ® C after shift has occurred. 


Figure 4-6 


Data handling instructions. 
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The rotate left instructions allow us to shift the contents of the accumulator or a 
memory location without losing bits of data. Consider the ROLA instruction as 
an example. When this instruction is executed, the A accumulator and the carry 
bit form a 9-bit circulating register. That is, they form a closed loop as shown in 
Figure 4-7A. When ROLA is executed, the data is rotated clockwise. The MSB 
of A shifts into the carry register. Simultaneously, the contents of A are shifted 
left. Notice that the carry bit is not lost. Instead it is shifted into the LSB of the 


accumulator. 
0} GEE Gn 
7 


‘ Dy 
A. BEFORE ROLA IS EXECUTED. 


C ACCA 
CES RIE! 
7 0 


B. AFTER ROLA IS EXECUTED. 


Figure 4-7 
Executing the ROLA instruction. 


While the usefulness of this instruction may not be obvious, it is a valuable tool. 
For example, it could be used to determine parity. By repeatedly rotating left and 
testing the C flag, you could determine the number of 1’s in the byte. Once you 
know this, you could easily generate the proper parity bit. 


The ROL instruction allows you to rotate a memory byte to the left while it is 
still in memory. ROLB allows you to rotate the B accumulator to the left. In each 
case, the C register is used as a ninth bit. 


The rotate right instructions are identical except that the direction of rotation is 
reversed. Figure 4-8 illustrates the execution of the RORA instruction. This in- 
struction is also valuable. Suppose for example that we wish to know if the num- 
ber in the accumulator is even or odd. This is determined by the LSB of the num- 
ber. If LSB = 1, the number is odd; if LSB = 0, the number is even. One way to 
determine this is to rotate the number to the nght so that the LSB is in the C 
register. We could then test the C register to see if it is set or cleared. Notice that 
the number could then be restored to its original value by the ROLA instruction. 


; ot Doha 


a 
A. BEFORE RORA IS EXECUTED. 


C ACCA 
0} of ofo} 1} oj 1} 0 
B. AFTER RORA IS EXECUTED. 


Figure 4-8 
Executing the RORA instruction. 
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The arithmetic shift left instruction was discussed earlier in our hypothetical 
MPU. The ASLA instruction performs exactly as described in the previous unit. 
However, notice that the 68HC11 MPU also has an ASLB instruction that per- 
forms the same operation with accumulator B. Also, it has an ASL instruction 
that allows us to perform this operation on a byte that is in memory. Figure 4-9 
illustrates the execution of this instruction. 


ToT Trot ark 


A. on ASL IS SNES. 
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B. AFTER ASL IS EXECUTED. 


Figure 4-9 
Executing the ASL instruction. 


While there is only one type of shift left instruction, there are two types of shift 
right instructions. Let’s discuss the arithmetic shift right instructions first. 


When an arithmetic shift right instruction is executed, the number in the af- 
fected register is shifted right one position. The LSB goes into the C register. B, 


shifts to Bp, etc. B, shifts into By. However, B- itself remains unchanged. Figure 


4-10 illustrates the execution of the ASRB instruction. Notice that there are also 
ASRA and ASR instructions listed in Figure 4-6. These perform the same type of 
shift operation but on accumulator A and the selected memory byte respectively. 


- ACCB 
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A. BEFORE don IS EXECUTED. 


ACCB 
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SIGN BIT 8-BIT NUMBER 


ISUNCHANGED SHIFTED TO RIGHT 
B. AFTER ASRB IS EXECUTED. 


Figure 4-10 
Executing the ASRB instruction. 
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The logic shift right instructions are different in that they do not retain the sign 
bit. When a logic shift right is executed, the contents of the affected register are 
shifted to the right. The LSB goes into the carry register. The MSB is filled with 
a 0. For example, the LSR instruction is illustrated in Figure 4-11. While this 
instruction shifts the selected memory locations, LSRA and LSRB can be used to 
perform similar operations on accumulators A and B respectively. 


SELECTED MEMORY BYTE C 
ofl tft} — [o] 
b, Dy 
A. BEFORE LSR IS EXECUTED. 


SELECTED MEMORY BYTE C 


of so} sa} a} aft 
b, Do 


B. AFTER LSR IS EXECUTED. 


Figure 4-11 
Executing the LSR instruction. 


Referring back to Figure 4-6, the store accumulator instructions are 
self-explanatory. 


The final data handling instructions are the transfer accumulator instructions. 
TAB copies the contents of accumulator A into accumulator B. After this in- 
struction is executed, the number originally in accumulator A will be in both 
accumulators. TBA does just the opposite. It copies the contents of accumulator 
B into accumulator A. After TBA is executed, the number originally in ac- 
cumulator B will be in both accumulators. 


Logic Instructions 


The logic instructions in the 68HC11 MPU are similar to those in our hypotheti- 
cal MPU. Figure 4-12 shows the 68HC11’s logic instructions. 


BOOLEAN/ARITHMETIC OPERATION COND. CODE REG. 


ACCUMULATOR AND MEMORY (All register labels 
OPERATIONS MNEMONIC refer to contents) 


And 


Complement, 1’s 


Exclusive OR 


Or, Inclusive 
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Figure 4-12 


Logic instructions. 
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There is one AND instruction for each accumulator. The contents of the speci- 
fied accumulator are ANDed bit-for-bit with the contents of the selected memory 
location. The result is placed back in the accumulator. This is identical to the 
AND instruction in our hypothetical machine. 


The complement instructions allow you to take the 1’s complement of the num- 
ber in the affected register. COM allows you to complement a byte in memory. 


COMA and COMB allow you to complement the contents of accumulators A 
and B respectively. In each case, all 1’s are changed to O’s and all O’s are 
changed to 1’s. 


The exclusive OR instructions work like the one in our hypothetical MPU. The 
contents of the specified accumulator are exclusively ORed bit-for-bit with the 
contents of the selected memory location. The result is stored back in the speci- 
fied accumulator. 


The inclusive OR is similar except that the contents of the specified accumulator 
are inclusively ORed with the contents of the selected memory location. 


Data Test Instructions 


These are a powerful group of instructions that allow us to compare operands in 
several different ways. In previous units, you had experience comparing 
operands. The most frequently used method was to subtract one operand from 
another and test the result for zero or negative. In many cases, the numeric result 
of the subtraction was unimportant. We neeeded to know only if the result was 
zero or minus. The data test instructions allow us to make several different tests 
without actually producing an unwanted numeric result. These instructions are 
shown in Figure 4-13. 


BOOLEAN/ARITHMETIC OPERATION COND. CODE REG. 
ACCUMULATOR AND MEMORY (All register labels 
OPERATIONS MNEMONIC refer to contents) 


Bit Test 


Compare 


Compare Acmitrs 
Test, Zero or Minus 


HAHAH OO EF OO 
DDD Oood D 


AeM 
Be M 
A-M 
B-M 
A-B 
M - 00 
A - 00 
B-00 


Figure 4-13 


Data test instructions. 
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The bit test instructions are very similar to the AND instructions. In both cases, 
the contents of the specified accumulator are ANDed with the contents of the 
selected memory location. The difference is that with the bit test instruction no 
logical product is produced. Neither the contents of the accumulator nor memory 
are altered in any way. However, the condition code registers are affected just as 
if the AND operation had taken place. Consider the BITA instruction. When 
executed, A is ANDed with M. If the result is 00,,, the Z register is set. Other- 


wise, the Z register is cleared. If the MSB of the result is 1, the N flag is set. 
However, the contents of the accumulator and memory are unaffected. 


In the same way, the compare instructions are similar to subtract instructions 
except that the resulting numeric difference is ignored. For example, when the 
CMPA instruction is executed, the contents of the selected memory location are 
subtracted from the contents of accumulator A. The condition codes are affected 
just as if a difference had been produced. However, the original contents of ac- 
cumulator A and memory are unaffected. 


The compare accumulators instruction (CBA) works the same way. The condi- 
tion codes are set as if the contents of B were subtracted from the contents A. 
However, the contents of the accumulators are unaffected. 


Finally, the test for zero or minus instruction allows you to test the number in 
one of the accumulators or the memory to see if it is negative or zero. When this 
instruction is executed, the MPU looks at the number in question and sets the N 
and Z flags accordingly. The number itself is not changed. 
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Index Register and Stack Pointer Instructions 


The index registers and stack pointer as 16-bit registers. Figure 4-14 shows 
eleven instructions that allow us to control the operation of these registers. Be- 
cause of the 16-bit format, the load, store, and compare instructions are slightly 
different from those discussed earlier. Also, because the Y index register (IY) is 
very similar to the X index register (IX), only instructions for IX will be dis- 
cussed. As you learn these, remember that there are equivalent instructions for 
the Y index register. A complete list of these and other 68HC11 instructions may 
be found in Appendix A and the Programmer’ s Reference Guide. 


INDEX REGISTER AND BOOLEAN/ARITHMETIC OPERATION COND. CODE REG. 
STACK POINTER (All register labels 
OPERATIONS MNEMONIC refer to contents) 


Compare Index Reg (Xy/X, ) - (M/M + 1) 


Decrement Index Reg DEX X-1—X 

Decrement Stack Pntr DES SP -1—> SP 

Increment Index Reg INX X+1—>X 

Increment Stack Pntr INS SP +1-—>SP 

Load Index Reg LDX M — X, (M+ 1) 9X, 
Load Stack Pntr LDS M — SPy, (M+ 1) — SP, 
Store Index Reg STX XH — M, X_ — (M + 1) 
Store Stack Pntr STS SPy —M, SP, — (M+ 1) 


Indx Reg — Stack Pntr TXS 
Stack Pntr — Indx Reg 


X-1— SP 
SP+1—X 


(Bit N) Test: Sign bit of most significant (MS) byte of result = 1? 
(Bit V) Test: 2’s complement overflow from subtraction of LS bytes? 
6) (Bit N) Test: Result less than zero? (Bit 15 = 1) 


Figure 4-14 


Index register and stack pointer instructions. 


The compare index register (CPX) instruction allows us to compare the 16-bit 
number in the index register with any two consecutive bytes in memory. Recall 
that the index register (X) will hold two bytes. The higher byte is identified as 
Xj, while the lower byte is called X,. When the CPX instruction is executed, X, 
is compared with the 8-bit byte in the specified memory location (M). Also, X, 


is compared with the byte immediately following the specified memory location 
(M + 1). The comparison is the same as if M and M + 1 were subtracted from X, 
and X, except that no numeric difference is produced. Neither X nor M is 
changed in any way. However, the N, Z, and V condition codes are affected as 
shown in Figure 4-14. Generally, the Z code is the one we are interested in since 
it tells us whether or not an exact match exists between the index register and the 
two bytes in memory. 


The next four instructions are self-explanatory. They allow us to increment and 
decrement either the index register or the stack pointer. For one thing, these in- 
structions allow us to maintain two separate 16-bit tallies simultaneously. 
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However, the real value of these instructions and their associated registers will 
be discussed later. 


The load and store instructions for the 16-bit registers are shown next in Figure 
4-14, Since these are two byte registers, the LDX and LDS instructions must 
load two bytes from memory. In the case of the index register, the specified 
memory byte (M) is loaded into the upper half of the index register (X,,). An 
instant later, the next byte in memory (M + 1) is automatically loaded into the 
lower half of the index register (X, ). Thus, the operation can be described as: 


M->X,, (M+ 1) 3 X,. 


Because the stack pointer is also a 16-bit register, the load stack pointer instruc- 
tion (LDS) works the same way. Its operation can be described as: M —> SP,, 


(M + 1) — SP,. Here, SP,, refers to the upper half of the stack pointer while SP, 
refers to the lower half. 


When the contents of the 16-bit registers are being stored, the operation is 
reversed. For example, the STX instruction stores X,, in M and X; inM+1.A 


similar instruction, STS, allows us to store the contents of the stack pointer in the 
same way. 


The final two instructions in this group allow us to transfer numbers between 
these two 16-bit registers. The TXS instruction loads the stack pointer with the 
contents of the index register minus one. The TSX instruction loads the index 
register with the contents of the stack pointer plus one. A more detailed discus- 
sion of these two important registers and their associated instructions will be 
given in the next unit. 
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Branch Instructions 


The branch instructions are shown in Figure 4-15. Two additional instructions 
are also thrown in since they affect the program counter. 


COND. CODE REG. 


BRANCH 
OPERATIONS MNEMONIC BRANCH TEST 


Branch Always None 

Branch If Carry Clear C=0 

Branch If Carry Set C=1 

Branch If = Zero Z=1 

Branch If > Zero N@V=0 
Branch If > Zero Z+(N@V)=0 
Branch If Higher C+Z=0 


Branch If < Zero Z+(N@V)=1 

Branch if Lower Or Same 

Branch If < Zero 

Branch If Minus 

Branch If Not Equal Zero 

Branch If Overflow Clear 

Branch If Overflow Set 

Branch If Plus 

No Operation Advances Prog. Cntr. Only 
Stop 


Figure 4-15 
Jump and branch instructions. 


Nine of these instructions were discussed in the previous unit. These are: Branch 
Always (BRA); Branch If Carry Clear (BCC); Branch If Carry Set (BCS); 
Branch If Equal Zero (BEQ); Branch If Not Equal Zero (BNE); Branch If Minus 
(BMI); Branch If Plus (BPL); Branch If Overflow Clear (BVC); and Branch If 
Overflow Set (BVS). 


Before we discuss the new branch instructions, here are some of the symbols we 
will be using. The symbol (2) means "is greater than or is equal to"; (>) means 
"is greater than"; (S) means "is less than or is equal to"; (<) means "is less than"; 
and (#) means "is not equal to." 


Now consider the Branch If Greater Than or Equal instruction (BGE). This in- 
struction is normally used after a subtract or compare instruction. It will cause a 
branch operation if the two’s complement value in the accumulator is greater 
than or equal to the two’s complement operand in memory. This condition is 
indicated by the N and V flags having the same value. The MPU determines if 
this condition is met by exclusively OR-ing N and V and examining the result. 


4-2/ 


4-28 | unitFour 


Three simple examples may help illustrate the operation of this instruction. Let’s 
Start with a number in the accumulator that is greater than the operand in 
memory: 


Number in Accumulator = 00000010, 
Operand in Memory = 00000001, 


When the operand is subtracted, the result is O0O000001,. With this result, both N 


and V are cleared to 0. Notice that N and V are equal and N ® V = 0. If the BGE 
instruction followed the subtract operation, the branch would be implemented. 


Now see what happens when the number in the accumulator is equal to the 
operand: 


Number in Accumulator 00000010, 
Operand in Memory = 00000010, 


When the operand is subtracted, the result is OO000000,. Again N and V are 
cleared to 0. Thus, N and V are still equal and N ® V = O. Again, the BGE in- 
struction would cause a branch to occur. 


Finally, note what happens when the number in the accumulator is smaller: 


Number in Accumulator = 0000000 1, 
Operand in Memory = 00000010, 


When the operand is subtracted, the result is 11111111,. This time N is set but V 
is cleared. Thus, N and V are not equal. Therefore, N ® V = 1. In this case, the 
BGE conditions are not met and no branch will occur. The branch occurs if the 
two’s complement value in the accumulator is greater than or equal to the two’s 
complement operand in memory. 


Next, consider the Branch If Greater Than (BGT) instruction. This instruction is 
normally used immediately after a subtract or compare operation. The branch 
will occur only if the two’s complement minuend was greater than the two’s 
complement subtrahend. By trying several examples as we did above, you will 
find that the branch conditions are met when Z = 0 and N = V. 


The Branch If Higher (BHI) instruction is similar to the BGT instruction except 
that it is concerned with unsigned numbers. BHI is normally used after a sub- 
tract or compare operation. The branch will occur only if the unsigned minuend 
was greater than the unsigned subtrahend. By trying several different examples, 
you can prove that this occurs only when the C and Z flags are both 0. 


The Branch If Less Than or Equal (BLE) instruction allows you to compare 
two’s complement numbers in another way. If it is executed immediately after a 
subtract or compare operation, the branch will occur only if the two’s comple- 
ment minuend was less than or equal to the two’s complement subtrahend. 
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The Branch If Lower Or Same (BLS) instruction is similar to the BLE instruc- 
tion except that unsigned numbers are compared. When it is executed immedi- 
ately after a subtract or compare operation, the branch will occur only if the un- 
signed minuend was lower than or equal to the unsigned subtrahend. 


The Branch If Less Than Zero (BLT) instruction is also similar to the BLE in- 
struction except that the equal qualification is removed. If BLT is executed im- 
mediately after a subtract or compare operation, the branch occurs only if the 
two’s complement minuend was less than the two’s complement subtrahend. 


Two additional instructions are included in Figure 4-15. Although they are not 
branch instructions, they are included here since they do not seem to fit any of 
the other categories. 


The No Operation (NOP) instruction is a "do-nothing” instruction that simply 
consumes a small increment of time. It does not change the contents of any reg- 
ister except the program counter. It does increment the program counter by one 
and consumes two MPU cycles. In spite of this, the NOP is a very useful instruc- 
tion. When writing a program, we frequently use too many instructions. Once the 
program is loaded in memory, it is often inconvenient to simply remove an 
instruction. The hole left in memory can be filled by moving back all instruc- 
tions that follow. However, a faster way is to simply fill the hole with one or 
more NOP instructions. 


The STOP instruction is the 68HC11’s "end of program" instruction. In earlier 
units we used this instruction at the end of all our programs. We will continue to 
use it in the same manner in the future. However, as you will see later in this 
course there is more involved in executing the STOP instruction than simply 
stopping the MPU. For now, though, continue to think of the STOP as a simple 
instruction to terminate program execution. 
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Condition Code Register Instructions 


The 68HC11 MPU has eight instructions that allow us direct access to the condi- 
tion codes. These are listed in Figure 4-16. 


COND. CODE REG. 
CONDITION CODES BOOLEAN 
OPERATIONS MNEMONIC OPERATION 


Clear Carry 
Clear Interrupt Mask 
Clear Overflow 


Set Carry 

Set Interrupt Mask 
Set Overflow 
Acmitr A —> CCR 
CCR —> AcmitrA 


R = Reset 
S = Set 
¢ = Not affected 


Gd) (ALL) Set according to the contents of Accumulator A. 


Figure 4-16 


Condition code register instructions. 


Most of these instructions are self-explanatory. The Clear Carry (CLC) instruc- 
tion resets the C flag to 0 while the Set Carry (SEC) sets it to 1. In the same way, 
the CLV and SEV instructions allow us to clear and set the overflow flag. Also, 
the CLI and SEI instructions can be used to clear or set the interrupt flag. 


You will notice that there are no instructions for individually clearing the N, Z, 
or H flags. However, we can still set or clear these flags with the Transfer Ac- 
cumulator A to the Processor Status Register (TAP) instructions. Figure 4-17 
illustrates the execution of this instruction. The contents of bits 0 through 7 of 
accumulator A are transferred to the condition code registers. Thus, this instruc- 
tion allows us to set or clear all the condition codes at once. 


Bit Positions 
7 6 § 4 3 21 +0 
| tt tf tT tl tt} ACCA 
ry VY VY | 
(S}] XP H] ty] N} Zi V{C]} ccr 


Carry-Borrow 

Overflow (Twos Complement) 
Zero 

Negative 

l-interrupt Mask 

Half Carry 

X-Interrupt Mask 

Stop Disable 


Figure 4-17 
Executing the TAP instruction. 
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The final instruction is the Transfer Processor Status to Accumulator A (TPA) 
instruction. When this instruction is executed, the contents of the condition code 
registers are transferred to bits 0 through 7 of accumulator A. This operation is 
illustrated in Figure 4-18. 


Bit Positions 


| | tj} ft | | ft | ACCA 
LS] XP H] ITN] Z]V{C]} ccr 


Carry-Borrow 

Overflow (Twos Complement) 
Zero 

Negative 

l-Interrupt Mask 

Half Carry 

X-Interrupt Mask 

Stop Disable 


Figure 4-18 
Executing the TPA instruction. 


Summary of Instruction Set 


As you can see, the 68HC11 MPU has a wide variety of instructions. In this sec- 
tion, most of the instructions have been mentioned briefly. However, a full ex- 
planation of some instructions must wait until additional new concepts have been 
covered. 


In one short section, it is very difficult to cover every instruction in detail. And, 
it is virtually impossible for the reader to remember all the details of each 
instruction. Remember, all of the instructions available to the 68HC11 MPU are 
explained in detail in Appendix A of this program. Also, they are arranged al- 
phabetically by their mnemonics for easy reference. Refer to Appendix A any 
time you are in doubt about what an instruction does. Be sure to look over the 
introductory material in the Appendix so that you understand all the conventions 
and symbols. 
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Self-Test Review 

9. List the seven general categories of instructions. 

10. | What is meant by the shorthand notation: A + B > A? 

11. Howis the C flag affected by the "add" and "add with carry" instructions? 

12. Is the C flag changed when the AND instruction is executed? 

13. Explain the difference between the NEG instruction and the COM 
instruction. 

14. Explain the difference between the ANDA instruction and the BITA 
instruction. 

15. The decimal adjust instruction is associated with which accumulator? 

16. When the RORA instruction is executed the LSB of accumulator A is 
shifted intothe_ —  t—“‘C;;UOOOCOC(C#ée gsstteerr. 

17. List eleven operations that can be performed directly to an operand in 
memory without first loading it into one of the MPU registers. 

18. Explain the difference between the SUBB instruction and the CMPB 
instruction. 

19. List the four types of logic operations that the 68HC11 MPU can perform. 

20. When the LDX instruction is executed, from where is the index register 
loaded? 

21. List four conditional branch instructions that are commonly used after a 
compare or subtract instruction to compare two’s complement numbers. 

22. Explain the difference between the BGT and BHI instructions. 

23. Which instruction is often used to fill in a hole left in a program after an 
unwanted byte is removed? 

24. Which of the condition codes can be individually set or cleared? 

25. | When you have some doubt as to exactly what operation is performed by a 


given instruction, where can you look to find the answer? 
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Answers 


9. Arithmetic, data handling, logic, data test, index register and stack pointer, 
jump and branch, condition code. 


10. Add the contents of accumulator A to the contents of accumulator B; 
transfer the result to accumulator A. 


11. The C flag is set if a carry occurs; it is cleared otherwise. 
12. No, the C flag is unaffected by the AND instruction. 


13. The COM instruction replaces the operand with its 1’s complement. The 
NEG instruction replaces the operand with its 2’s complement. 


14. With the ANDA instruction, the result of the AND operation is placed in 
accumulator A. With the BITA instruction, the condition code registers 
are set according to the result but the result is not retained. 

15. The decimal adjust instruction works only with the A accumulator. 

16. Carry (C). 

17. A byte in memory can be: cleared, incremented, decremented, comple- 
mented, negated, rotated left, rotated right, shifted left arithmetically, 
shifted right arithmetically, shifted right logically, and tested. 

18. With the SUBB instruction, a difference is produced and placed in ac- 
cumulator B. With CMPB, the flags are set as if a difference were 
produced, but the difference is not retained. 

19. Complement, AND, inclusive OR, and exclusive OR. 

20. The upper half of the index register is loaded from the specified memory 
location; the lower half from the byte following the specified memory 
location. 


21. BGE, BGT, BLE, BLT. 


22. BGT is used to test the result of subtracting two’s complement numbers. 
BHI is used to test the result of subtracting unsigned numbers. 


23. NOP. 
24. C,I,and V. 


25. Appendix A of this course. 
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NEW ADDRESSING MODES 


In previous units, we have discussed four addressing modes. Let’s briefly review 
these. 


In the immediate addressing mode, the operand is the memory byte immediately 
following the opcode. These are generally two byte instructions. The first byte is 
the opcode, the second is the operand. However, there are exceptions to the two- 
byte rule. Some operations involve the 16-bit index register and stack pointer. In 
these cases, the operand is the two bytes immediately following the opcode. 
These are three byte instructions. The first byte is the opcode, the second and 
third are the operand. 


In the direct addressing mode, the byte following the opcode is the address of the 
operand. These are always two byte instructions. The first byte is the opcode; the 
second is the address of the operand. An eight-bit byte can specify addresses 
from 00 to FF,,. Thus, when the direct addressing mode is being used, the oper- 
and must be in the first 256,,. bytes of memory. Since the 68HC11 MPU can 
have up to 65,536,, bytes of memory, another means must be used to address the 


upper portion of memory. 


The relative addressing mode is used for branching. These are two byte instruc- 
tions. The first byte is the opcode, the second is the relative address. Recall that 
the relative address is added to the program count to form the absolute address. 
Since the 8-bit relative address is a two’s complement number, the branch limits 
are +127,, and -128,p. 


In the inherent addressing mode either there is no operand or the operand is im- 
plied by the instruction. These are one byte instructions. 


In this section, we will discuss two new addressing modes. These are called ex- 
tended addressing and indexed addressing. We will discuss extended address- 
ing first. 


Extended Addressing 


Extended addressing is similar to direct addressing but with one significant dif- 
ference. Recall that with direct addressing the operand must be in the first 256,, 
bytes of memory. Since this represents less than one percent of the addresses 
available to the 68HC11 MPU, a more powerful addressing mode is needed. The 
extended addressing mode fills this need. 


Microprocessor Architecture and Instruction Set 4-35 


The format of an instruction that uses extended addressing is shown in Figure 
4-19. The instruction will always have three bytes. The first byte is the opcode. 
The second and third bytes form a 16-bit address. Notice that the most signifi- 
cant part of the address is the byte immediately following the opcode. Since this 
instruction has a 16-bit address, the operand can be at any one of the 65,536,, 


possible addresses. 
CTTTTTTT) = crcone 
HIGHER ORDER BYTE L[ [ TT TT TJ 
\ ADDRESS 


Lower onver avte [TTT TTT 


Figure 4-19 
Format of an instruction that uses the 
extended addressing mode. 


Suppose, for example, that you wish to load the operand at memory location 
2134,, into accumulator B. The instruction would look like this: 


F6 Opcode for LDAB extended 
Zh Higher order address 
34 Lower order address 


By the same token, if you wish to increment the number in memory location 
AAO0,«, the instruction would be: 


7C Opcode for INC extended 
AA Higher order address 
OO Lower order address 


The extended addressing mode allows us to address an operand at any address 
including the first 256,, bytes of memory. Thus, if you wish to load the operand 


at address 0013,, into accumulator A, you can use extended addressing: 


B6 Opcode for LDAA extended 
00 Higher order address 
13 Lower order address 


Or, you can use direct addressing: 


96 Opcode for LDAA direct 
13 Address 
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Notice that, with direct addressing, the higher order address can be ignored since 
it is always 00. Because it saves one memory byte and one MPU cycle, direct 
addressing is normally used when the operand is in the first 256,, bytes of 


memory. Extended addressing is used when the operand is above address 
OOFF,,. However, as you will see later, some instructions do no have a direct 


addressing mode. In these cases, extended addressing must be used even if the 
operand is in the first 256,, memory locations. 


Indexed Addressing 


The most powerful mode available to the 68HC11 is indexed addressing. Recall 
that the 68HC11 has two, 16-bit index registers, the IX and IY. There are several 
instructions associated with these registers. They allow us to load a register from 
memory and to store its contents in memory. Also, we can increment and decre- 
ment an index register. We can even compare its contents with two consecutive 
bytes in memory. These capabilities make an index register able to function as a 
16-bit counter. This counter can function as an address pointer to point to any 
address in memory. 


Purpose Before going into the details of how indexed addressing works, let’s 
see why it is needed. Let’s assume that we wish to add a list of 20,, numbers, 


and that the numbers are in 20,, consecutive memory locations starting at ad- 


dress 0050. Using the addressing modes discussed earlier, our program might 
look like this: 


CLRA Clear Accumulator A. 
ADDA Add the first number 


50 To accumulator A. 
ADDA Add the second 

51 number to accumulator A. 
ADDA Add the third number 

52 to accumulator A. 


ADDA Add the last number 
6F To accumulator A. 
STOP Stop. 


While this accomplishes the desire result, it requires a long repetitive program. 
The above program would require 66,, bytes of memory. Notice that all the 
ADDA instructions are identical except that each successive address is one larger 
than the previous address. Indexed addressing can greatly simplify programs of 
this type. 
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Instruction Format The format of an instruction that uses indexed addressing 
is shown in Figure 4-20. Notice that this is a two-byte instruction. The first byte 
is the opcode, and the second is called an offset address. The offset address is an 
unsigned 8-bit binary number. It is added to the contents of the index register to 
determine the address at which the operand is located. Note that, unless other- 
wise specified, "index register" refers to the X-index register. 


opcope [] [1 [TTT] 
orrset appress [ [| [ [[[T] ] 


Figure 4-20 
Format of an instruction that uses 
the indexed addressing mode. 


Every instruction that involves an operand in memory can use the indexed ad- 
dressing mode. In this unit, we will use the following convention to indicate 
indexed addressing: 


LDAA, X 

STAA, X 

ADDB, X e 
etc. 


In each case, the X tells us that indexed addressing is used. For example, the first 
instruction means: "using indexed addressing, load the contents of the specified 
memory location into accumulator A." Now let’s see how the address of the 
operand is determined. 


Determining the Operand Address When indexed addressing is being used, 
the address of the operand is determined by the offset address and the number in 
the index register. Specifically, the 8-bit offset address is added to the 16-bit 
address in the index register. The 16-bit sum becomes the address of the 
operand. Figure 4-21 illusirates this. 


MEMORY 


OP CODE 
FOR LDAA, X 


INDEX 
0003 REGISTER 


OFFSET \ | 


ADDRESS 


0144 


OPERAND 


Figure 4-21 
The operand address is formed by adding the offset 
address to the contents of the index register. 
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Here, the instruction in memory location 0004,, is LDAA, X. The offset address 
is 11,¢. The contents of the index register are 0133,,. When the LDAA, X in- 
struction is executed, the address of the operand is formed by adding the offset 


address to the number in the index register. In this case, the operand address will 
be: 


013316 
+ 116 
014416 


The operand at this address is loaded into accumulator A. In this example, the 
operand FF is loaded into accumulator A when the instruction at location 0004 is 
executed. It is important to remember that this does not change the contents of 
the index register in any way. That is, the index register will still contain 0133,, 


after the instruction is executed. 


Adding a List of Numbers To see how this addressing mode saves instructions, 
consider the problem given earlier. Recall that we were to add 20,, numbers 
stored in consecutive memory locations starting at address 0050. Using indexed 
addressing for the add instruction, our program looks like the one shown in Fig- 
ure 4-22. 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | HEX CONTENTS COMMENTS 


Load index register immediate with the 

address of the 

first number in list. 

Clear accumulator A 

Add to accumulator A using indexed addressing 


with an offset address of 00. 

Increment index register. 

Compare the contentws of the index register 
with an address that is one greater than the 
address of the last number in the list. 

If not equal, branch back 

to the ADDA, X instruction. 

Otherwise, stop. 


Figure 4-22 
Program for adding a list of 20, , numbers. 


The first instruction is load index register immediate. Notice that a new symbol 
is used in this program. The symbol # is used to indicate the immediate address- 
ing mode. Thus, the LDX# instruction causes the operand immediately following 
the opcode to be loaded into the index register. Recall that the index register can 
hold two 8-bit bytes. The operand is the two-byte number 0050,,. You may rec- 


ognize that this is the address of the first number in the list of numbers that is to 
be added. 


The next instruction clears accumulator A. The sum will be accumulated in this 
register, so it is important that it be cleared initially. 
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The third instruction (ADDA, X) is the only instruction in the program that uses 
indexed addressing. Notice that the symbol X indicates the indexed addressing 
mode. The offset address is 00. Recall that the operand address is determined by 
adding the offset to the contents of the index register. The index register contains 
0050,, from a previous instruction. Since the offset is 00, the operand address is 


0050,,. That is, the contents of memory location 0050 are added to the contents 
of accumulator A. Recall that 0050,, is the address of the first number in the list. 


The fourth instruction increments the index register to 0051,,. Notice that the 
index register now points to the address of the second number in the list. 


The fifth instruction compares the number in the index register with a number 
that is one greater than the address of the last number in the list. 


If a match occurs, the Z flag will be set. Of course in this case, no match occurs 
yet. Notice once again that the symbol # indicates the immediate addressing 
mode. Thus, the contents of the index register are compared with the next two 
bytes in the program or 0070. 


The BNE instruction tests the Z flag to see if the two numbers matched. If no 
match is indicated, the relative address (F8) directs the program back to the 
ADDA, X instruction. The first pass through the loop ends with the first number 
in accumulator A. 


The second pass through the loop begins with the ADDA, X instruction being 
executed again. This time the index register points to address 0051. Therefore, 
the second number in the list is added to accumulator A. Accumulator A now 
contains the sum of the first two numbers. The index register is then incremented 
to 0052. Its contents are again compared with 0070. No match exists so the BNE 
instruction causes the loop to be repeated again. 


The loop is repeated over and over again. Each time, the next number in the list 
is added to accumulator A. This process continues until the last number in the 
list is added. At that time, the index register will be incremented to 0070. Thus, 
when the CPX # instruction is executed, the Z flag will be set because the two 
numbers match. The BNE instruction recognizes that a match has occurred. Con- 
sequently, it does not allow the branch to occur and the next instruction in se- 
quence is executed. Because this is the STOP instruction, the program stops. At 
this time, the sum of the 20,, numbers in the list will be in accumulator A. 


Adding a list of numbers is a classic example of how indexing can be used to 
shorten a program. However, this example does not illustrate the full power of 
indexed addressing. For example, it does not illustrate the advantage of the offset 
address. Because indexed addressing is so important, let’s look at another 
example. 
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Copying a List Let’s assume we have a list of 10,, numbers that we wish to 


copy from one location to another. For simplicity, assume that the list is pres- 
ently in addresses 0030 through 003F and that we wish to copy the list in loca- 
tion 0040 through 004F. Without using indexed addressing, our program might 
look like this: 


LDAA 
30 
STAA 
40 
LDAA 
31 
STAA 
41 


LDAA 
3F 
STAA 
4F 
STOP 


As you have seen; long, repetitive programs such as this are excellent candidates 
for indexed addressing. 


Using indexed addressing, our program might look like that shown in Figure 
4-23. The first step is to load the index register with the first address in the origi- 
nal list. The LDAA, X instruction has an offset address of 00. Therefore, ac- 
cumulator A is loaded from the address specified by the index register (0030). 
That is, the first number in the original list is loaded into accumulator A when 
the LDAA, X instruction is executed. 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | HEX CONTENTS COMMENTS 


Load index register immediate with 
the first address of the original 
list. 

Load accumulator A indexed with 
an offset of 00. 

Store accumulator A indexed with 
an offset of 10,.. 

Increment index register. 
Compare index with one greater 
than last 

address in original list. 

If not equal, branch back to the 
LDAA, X instruction. 

Otherwise, Stop 


Figure 4-23 
Program for copying a list from addresses 
0030 -— 003F into addresses 0040 —— 004F. 
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The STAA, X instruction illustrates the use of the offset address. Notice that the 
offset is 10. This number is added to the address in the index register to form the 
effective address at which the contents of accumulator A are stored. Thus, the 
contents of accumulator A are stored at address 0040. Remember, this does not 
change the number in the index register in any way. By using the offset, we can 
load the accumulator indexed from one address and store the accumulator in- 
dexed at another. 


Next, the index register is incremented to 0031. It is then compared with 0040. 
Since no match exists, the BNE instruction directs the program back to the 
LDAA, X instruction. The loop is repeated until the entire list is rewritten in 
locations 0040 through O04F. After the last entry in the list is copied, the index 
register is incremented to 0040. Thus, the CPX # instruction sets the Z flag al- 
lowing the BNE instruction to divert the program from the loop. The program 
stops after the entry in the list is written in its new position in memory. 


Instruction Set Summary 


You have now been introduced to some of the more frequently used and impor- 
tant instructions available to the 68HC11. You have also been introduced to the 
main addressing modes. Now let’s look at the complete instruction set. 


As mentioned, the 68HC11 can execute all of the MC6800 and MC6801 instruc- 
tions of its predecessors. Also, the 68HC11 CPU has a paged operation code map 
with a total of 91 new opcodes. The major functional additions to the 68HC11 that 
distinguish it from previous family members include the Y index register TY, two 
types of 16-by-16 divide instructions, the STOP instruction, a bit manipulation 
instruction, and the arithmetic (multiply, divide) instructions to be discussed later. 


Figure 4-24 shows all 68HC11 instructions in all possible addressing modes. The 
columnized information given here, from left to right, includes Source Form(s) 
(mnemonics), Operation, Boolean (Symbolic Logic) Expression, Addressing 
Mode for Operand, Opcode/Operand(s) Hex Machine Coding, and information 
on the number of bytes and machine cycles required for the instruction. A brief 
description of each of these follows. 


The Source Form(s) column is a list of mnemonics along with the form of the 
instruction with respect to its operand. Notice that certain kinds of instructions, 
such as the ADD instruction, have relatively many different forms. While it is 
not necessary to memorize all of the instructions, you can learn to recognize the 
categories of the instruction by its mnemonic and then determine which of the 
seven main instruction categories it falls into. For example, although there are 17 
instructions whose mnemonic begins with the letter A, a closer look at these 
reveals only 3 different kinds of instructions. These are the ADD, AND, and 
ARITHMETIC (SHIFT) instructions. A basic knowledge of the different kinds 
of instructions available, along with a systematic approach, will provide you 
with a surprisingly complete understanding of the 68HC11’s instruction set. 
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The Operation column, in Figure 4-24, contains a brief description of the 
mnemonic to the left. Notice how the mnemonic is derived directly from the 
short descriptive phrase used to indicate the operation. For example, ASL means 
"Arithmetic Shift Left." 


The Boolean Expression column provides a logical representation of the instruc- 
tion in symbolic form. This information can be useful for designing, or analyzing 
(debugging) programs. 


The "Addressing Mode Operand” column contains abbreviations for the modes 
possible with the operand. Located to the right of this column is the Machine 
Coding (opcodes) numbers for each operation given in hexadecimal. An ab- 
breviation system, described in the "NOTES" at the end of Figure 4-24, is used 
to indicate format, addressing, memory, and other relevant information about the 
opcode(s). The next two columns list the number of bytes and MPU cycles re- 
quired to execute the instruction. 


Finally, the last column contains information about the affect of executing an 
instruction on the condition code (flag) register. Several possibilities exist. De- 
pending on the instruction and the addressing mode, the condition code bit(s) 
may be unchanged, cleared (0) or, set (1). 


Look through the instruction set for the 68HC11 given in Figure 4-24 to acquaint 
yourself with the operations and their mnemonics. Some of these have already 
been discussed. Other instructions will be discussed in upcoming units, including 
the experiments. 


Regarding the experiments in Unit 8, you should pay particular attention to how 
these instructions are actually executed in a working program. Also, as you learn 
more about the instruction set as a whole, indeed feel free to create your own 
programs to test and run on the MPU trainer. In this way you will gain valuable 
and practical experience to augment your textbook studies. 
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Addressing Machine Coding 
Mode for (Hexadecimal) 


Operand Operand(s) 


Boolean 
Expression 


ABA _| Add Accumulators A+B—A ee ee 
Add B to X IX+00:B—-Ix | INH | 3A | 
ABY Add B to Y 1Y+00:3—-!Y | INH | 183A | 


ADCA (opr) | Add with Carry toA A+M+C--A 
ADCEB (opr) | Add with Carry to B B+M+C--B 
ADDA (opr) | Add Memory to A 


AODB (opr) | Add Memory to B B IMM 
B DIR 
B EXT 
B IND,X 
B IND,Y 


ADODD (opr) | Add 16-Bit to D D+M:M+1—-D 


ANDA (opr) | AND A with Memory 


ANDB (opr) | AND B with Meniory BeM--B B IMM 
B DIR 
B EXT 
B IND,X 


B IND,Y 


ASL (opr) | Arithmetic Shift Left 


iE 


ASLA 
ASLB 


jooug ic 


ASLD Arithmetic Shift Left Double | O--(I_- -—D—o 
C bI5 bd 
ASR (opr) | Arithmetic Shift Right Camino 
b7 bo C 

ASRB 

BCC (rel) Branch if Carry Clear 

BCLR (opr) | Clear Bit(s) =_— 

BCS (rel) | Branch if Carry Set 

BEQ (rel) | Branch if = Zero 
Branch if = = Zero ?7N®V=0 

BGT (rel) ?Z+(N @ V)=0 
Branch if Higher ?7C+Z=0 

Figure 4-24 


The MC68HC11A8 Instruction Set. 
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‘Mode tor 813 |_— conaioncodes 
Source Boolean Mode for (Hexadecimal) 4 Condition Codes 
Form(s) Operation Expression Operand glimaramal | $) $ | cxnduen cote 
[BHS (re _| BranchitHigherorSame_[?¢=0 | aa —| mm | |2}a|l---- - - -— 
a a S BR 
A DIR 
A EXT 
A IND,X 
A IND,Y 
Bit(s) Test B with Memory a 
|BLE(rel) | BranchifsZefo | 7ZH#(IN@V)=1_ | REL | oF | 2 
[ato rel) [Brenchiftower -[rc=1 +i reef 2 fm {2 
[BLS re [BranchifLowerorSame _[?c+z=1__| Ra _| 2 | w [2 
[aUT re _[Branchif<zero__-[?N@v=1_| Rel | 20 | _|2) 
[aMitret | BrenchifMinus —-‘[?N=1—~*«| ane 8 fw 2 | 
[BNE (el) [BranchifNot=Zero_|?z=0—~«Y mek («dt 
[BPL (re) | BranchifPus—+|?N=0—~*«Y—ReLS«dS SCA we «dt 
[BRA‘rel [Branch Aways _|ri=1___| A _| 0 | | 2) 


EL 
BRCLRiopr) | Branch if Bit(s) Clear ? Me mm=0 DIR 


[BRNirel) |BranchNever 2? 1=O 0] REL] te dt 


BRSET\(opr) 
(msk) 
(rel) 


BSET\(opr) | Set Bit(s) M+mm-—->M 14 
(msk) , 1C 
IND,Y 18 1C 

REL 


[BSRirel) | BranchtoSubroutine _—| See SpecialOps_ | REL__—| = 8D | wr Ss 2 | 6 | 
a Oe 
|BVS (rel) | BranchifOverflowSet_ ss | ?V=1_ | REL |r Ss 2 
|CBA__—|CompareAtoB. =| A-BU CO] INH] tt | at 2 
o=¢ a a 
Tour | ClearinterruptMask [Oi (| INH_| oe | [1] 2 
penal meee eel = 
IND,X 6F 6 
IND,Y 18 6F rj 
TCLRA [Clear AccumulatorA [0A | AINH | 4F | _+{ 1] 2 
PCLRB | ClearAccumulatorB | O-—-B_ | BINH | SF OT 2 
CLV | ClearOverflowFlag ss] OV CT INH S| SOA | 2 
CMPA (opr) | Compare A to Memory 81 
91 
B1 
Al 
18 Al 
CMPB (opr) | Compare B to Memory GI 
D1 
F1 
E1 
18 E1 
63 6 
18 63 7 
rs ee 
Ss ee ces 


Figure 4-24 (cont.) 
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Addressing Machine Coding 


Qa=>: samt 
Qa tte 


Boolean Mode for (Hexadecimal) Condition Codes 
Operation Expression Operand Operand(s) xX H | NZVC 
CPD (opr) | Compare D to Memory D-M:M+1 jj kk 


16-Bit 


CPX (opr) | Compare X to Memory IX-M:M+1 


16-Bit 


AC | ff 
CD AC | ff 


CPY (opr) | Compare Y to Memory lY -M:M+1 


16-Bit 


Decimal Adjust A djust Sum to BCD 


DEC (opr) | Decrement Memory Byte 7A| hh il 
IND,X 6A | ff 


IND,Y 18 6A | ff 


: 
4 


= 
> 


DECA A-1—A 
DECB 5-1-8 
Decrement Stack Pointer 
X-1= 
DEY Y-1=1¥ 


EORA (opr) | Exclusive OR Awith Memory |A ® M—A 


A IMM 
A DIR 
A EXT 


a 
a 


Of 2B W PY 


A IND,X ff 
A IND,Y 18 A8 | ff 
EORB (opr) | Exclusive OR B with Memory |B ® M—B C8 | ii 
D8 | dd 
F8 | hh il 


m 
oO 


ole 
< 
| ol > z=[o = 
ik 
| 


; aa 
18 E8 | ff 
DIV [Fractional Divide 16 by 16 |D/IX—IX;r—-D | INH] ST 
rd | INH oz] tt ate tt 
INC (opr) Increment Memory Byte 1—M 7C {hh il 
6C | ff 
18 6C | ff 
ria | An | ac] {ij2]-..-711-| 
+18 Dey | sc] _|{tj2]----ttt— 
INS [Increment Stack Pointer _|sP+1—-SP__[ NH |_| _|1]a[-. 
INX Increment Index Registerx |IX+1—iK | INH |g] [1,3]... - 1 - - 
INY Increment Index Register _[Iv+1—ly__| INH | eos] —-‘|2{a{...  - *+1- 
: | | | | | | | | 
6E 
18 6E 
eye Subroutine 9D | dd HE ; 
BD| hh Il 6 
AD | ff 6 
18 AD | ff 7 
ay Accumulator A 86 | ii 21 2] = t {to 
96 | dd 213 
B6] hh i 3 | 4 
A6 | ff 2 4 
18 A6 | ff 3 5 


Figure 4-24 (cont.) 
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Addressing Machine Coding « . 
Source Boolean Mode for (Hexadecimal) Condition Codes 
Form(s) Operation Expression Operand ao §S X H | N 2Z2VC 
LDAB (opr) | Load Accumulator B C6 
D6 
F6 
E6 
18 E6 
LDD (opr) Load Double Accumulator D | M—*A,M+1--B cc 
DC 
FC 
EC 
18 EC 
LDS (opr) | Load Stack Pointer M:M+1-—+*SP 8E 
9E 
BE 
AE 
18 AE 
LDX (opr) | Load Index Register X M:M + 1—* IX CE By 
LDY (opr) | Load Index Register Y M:M+1—+lY z if aa 
LSL (opr) | Logical Shift Left 
LSLA 
LSLB 


2A 
f 
= 


ean aenfannon|n[[o[voolal opwvocl ofpwveciaaans 


LSLD Logical Shift Left Double 


LSR (opr) | Logical Shift Right _ 74 
o—(n—o 64 

b7 bo C 18 64 

LSRA 44 
LSRB 54 


B INH 
LSRD Logical Shift Right Double | J—T—~- -—De-o | 
C_bI5 _b0 


EXT 70 
IND,X 60 
IND,Y 18 60 


NEGA 2's Complement A 
LNEGB | 2's Complement 8 
[NOP | NoOperation | No Operation | 


ORAA (opr) | OR Accumulator A (Inclusive 


ORAB (opr) | OR Accumulator B (Inclusive)}) B+M-—-B 


‘s Complement Memory Byte 


bes) 


9A 


o 
> 


Push A onto Stack A-—Stk, SP=SP-1| A INH 


Figure 4-24 (cont.) 
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Addressing 
Mode for 


IN[wla es on TR RONIN/G/RINN Oo NN xo ool] o| a/c] a1] Cycle 


Machine Coding 
(Hexadecimal) 


Condition Codes 


Source Boolean 
Form(s) Operation Expression 


jou, Operand | Opcode | Operand(s) S$ X H IN ZV C 
[PSHB_ | PushBontoStack =| B—Stk,SP=SP-1| BINH | 37_ [| 
Test [Pushxonto SuckiboFiad | oc-sush=sP-2] WH [3c [ 
V¥=SkSP=SP-2| INH | aC] 
SP=SPHLAWSk[ ANH [a2 | 
[PULB | PullBfromStack | SP=SP+1,B--Stk] BINH | 3 | 
spsPr2x—su] INK [8 | 
PulY from Stack (Hi Fit) | SP=SPaa,1V—-Su| INH [838 | 
69 ff 
o-coooo-1 1869 | ff 
C b? — DOC 49 
59 


: 


> 
o 
| 
> 
: il 7 


ROR (opr) | Rotate Right 

C b7 — bo C 
RORA 
RORB 


ULX 
7 See Special Ops 
TS 
BA 


R 
R 
S 
SBCA (opr) 


Return from Subroutine See Special Ops 
Subtract B from A = 


Subtract with Carry from A 


A IMM 


> 
= 


A 


2) 
| 


A DIR 
A EXT hh ll 
A IND,X ff 


A IND,Y 
B IMM 
B DIR 
B EXT F2 hh Il 


18 


SBCB (opr) | Subtract with Carry from B B-M-C--B 


RLIBBEBS 
= 


— 
oe 
BSSBa 
: > 
i 
fu aa tcl eel leas GG i Macaca 


B IND,X E2 ft 
18 E2 ff 
SEC i=c ee a 
ee 2 
a a a a a ee eee 


STAA (opr) 


> 
| 
= 


Store Accumulator A 


dd 2 
hh il 3 
ff 2 
ff 3 


Store Accumulator B 


STAB (opr) 


STD (opr) {Store Accumulator D A--M,B-M+1 


STOP Stop Internal Clocks 


STS (opr) Store Stack Pointer SP —M:M+1 


STX (opr) | Store Index Register X X—M:M+1 


STY (opr) Store Index Register Y 


= — 
| 
= 
= 
- 


Figure 4-24 (cont.) 
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“Addressing 
Mode for 
Operand 


A IMM 
A DIR 
A EXT 
A IND,X 
A IND,Y 
B IMM 

B DIR 

B EXT 

B INO,X 
B IND,Y 


Machine Coding 
(Hexadecimal) 


” 
3 
Operand(s) | a 


Source Boolean 
Form(s) Operation Expression 


SUBA (opr) 


© 
g Condition Codes 
Ss) | 


Subtract Memory from A 


SUBB (opr) 


SUBD (opr) 


See Special Ops 
Transfer A to B 


pA=Bo INH 
Transfer A to CC Register A--CCR | INH 
INH 


Subtract Memory from B 


Subtract Memory from D 


Transfer B toA 


TEST TEST (Only in Test Modes) Address BusCounts 
Transfer CC Register to A CCR—A 


TST (opr) | Test for Zero or Minus a EXT 


A-0 


SP +1—- IX 


Infinity or until reset occurs 

*#* = 12 cycles are used beginning with the opcode fetch. A wait state is entered which remains in effect for an integer number 
of MPU E-clock cycles (n) until an interrupt is recognized. Finally, two additional cycles are used to fetch the appropriate 
interrupt vector (total = 14+n). 


Operand(s): 

dd = &bit direct address $0000 — $O0FF. (High byte assumed to be $00.) 
ff = 8-bit positive offset $00 (0) to $FF (255) added to index. 

hh = High order byte of 16-bit extended address. 

ii = One byte of immediate data. 

ij = High order byte of 16-bit immediate data. 

kk = Low order byte of 16-bit immediate data. 


il = Low order byte of 16-bit extended address. 
mm = &bit mask (set bits to be affected). 
rr = Signed relative offset $80 ( — 128) to $7F (+ 127). 
Offset relative to the address following the machine code offset byte. 


Condition Codes: 
- Bit not changed. 
Always cleared (logic 0). 
Always set (logic 1). 
Bit cleared or set depending on operation. 
Bit may be cleared, cannot become set. 


-_ o-oo = O 


Figure 4-24 (cont.) 
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Self-Test Review 


26. A disadvantage of direct addressing is that the operand must be in the first 
bytes of memory. 


27. The advantage of direct addressing is that only 
bytes are required for each instruction. 


28. Extended addressing can address bytes of memory. 


29. A disadvantage of extended addressing is that each instruction requires 
bytes. 


30. Can extended addressing be used to address an operand in the first 256,, 
bytes of memory? 


31. The most powerful addressing mode available to the 6800 is called 
addressing. 


32. Indexed addressing requires bytes for each 
instruction. 


33. The second byte of an indexed addressing instruction is called the 
address. 


34. How is the address of the operand determined when indexed addressing is 
used? 


35. Carefully examine the program shown in Figure 4-25. Determine what the 


program does and fill in the comments column. What number is loaded 
into the index register by the first instruction? 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | HEX CONTENTS SSEREREDS 
CE 
00 


LDX # 


Figure 4-25 


Program for Self-Test Review 
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36. 


aT. 


38. 


3Y, 


40. 


41. 


42. 


What location is cleared by the CLR, X instruction? 


What is the number in the index register after the INX instruction is exe- 
cuted for the first time? 


The loop will be repeated until the number in the index register is 


What does this program do? 


Refer to Figure 4-24. What is the hexadecimal opcode for the LDAB ex- 
tended instruction? 


How many MPU cycles are required by the INC, X instruction? 


How many bytes in the LDS # instruction? 
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Answers 

26. 256 jo. 
27. Two. 

28. 65,5364. 
29. Three. 


30. Yes. Although direct addressing is normally used when the operand is in 
the first 256,, bytes of memory, extended addressing can be used also. 


31. Indexed. 
32. Two. 
33. Offset. 


34. The offset address is added to the contents of the index register. 


35. 0050, ¢. 
36. 0050 j¢. 
37. 0051), ¢. 
38. 0060, ¢. 


39. The program clears memory locations 0050,, through OOSF j 6. 
40. F6,¢. 


41. Seven. 


42. Three. 
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UNIT 4 SUMMARY 

l. In computer jargon, the word architecture is used to describe a 
microprocessor’s style of construction and how it communicates with 
other devices. 


ibe From a programmer’s point of view, the only parts of a microprocessor 
that are important are the registers that are accessible, i.e. the registers that 
can be directly modified by program code. 


3. The programming model of the 68HC11 contains the A and B Ac- 
cumulators, the Index Registers, the Program Counter, the Stack Pointer, 
and Condition Codes Register. 


4. The A and B Accumulators in the 68HC11 are 8-bit registers that operate 
as independent accumulators. 


5. The 16-bit Program Counter can address up to 65,536 different addresses 
in Memory. 


6. The 68HC11 has a 16-bit wide address bus. 


7. Direct addressing is limited to the first 256 address locations in memory, 
because it uses an 8-bit address value. 


8. Extended addressing uses a 16-bit (2-byte) address value, therefore it can 
access any address location in memory. 


9. The Condition Code register in the 68HC11 contains eight, 1-bit code 
flags. They are the 


A. Carry/Borrow register that indicates if there was a carry from or bor- 
row into the MSB of either accumulator. 


B. Overflow code register that indicates if there was an overflow from 
either accumulator. 


C. Zero code register that indicates is either accumulator is clear of 
1-bits. 


D. Negative code register that indicates the state of the sign bit of either 
accumulator. 


E. I-Interrupt Mask code register that is used to determine how the 
68HC11 handles interrupt requests. It can be used to disable all mask- 
able interrupt sources, both internal and external. 


F. Half Carry code register that indicates if there was a carry from or 
borrow into the fourth bit of either 8-bit accumulator. 
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10. 


Ak. 


lz. 


15. 


14. 


1; 


16. 


17. 


18. 


Ly, 


20. 


ais 


pee 


G. X-Interrupt Mask which is set only by hardware (Reset of XIRQ); 
and cleared only by program instructions (TAP or RTI). 


H. Stop Disable that can be set/cleared, under program control, to 
disable/enable the Stop instruction. When the S-bit is set, the Stop 
instruction is treated as a no operation (NOP). 


The index registers are 16-bit registers that can be used to hold 16-bit 
values and increment or decrement those values. They can also be used to 
hold the 16-bit address values used in indexed addressing. 


The Stack Pointer is another 16-bit working register that can be used to 
hold 16-bit values and increment or decrement those values. It is also used 
as an address pointer for "stack" operations. 


When a 16-bit register is loaded with data, two 8-bit memory operations 
are used to supply that data. The first operation loads the upper half, or 
high-byte, of the register. The second memory operation loads the lower 
half, or low-byte, of the register. 


When the S-flag is set (disabled), the STOP instruction is treated as a no- 
operation or NOP. 


There are seven general classifications of instructions: arithmetic, data 
handling, logic, data test, index register and stack pointer, jump and 
branch, and condition code. 


Two’s complement arithmetic is used within the 68HC11 MPU. 


The add instructions add data in memory to an accumulator, or add the 
two accumulators together and store the sum in an accumulator. 


The negate instructions perform a two’s complement operation on data in 
memory or in either of the accumulators. 


The decimal adjust instruction is used to convert the contents of the A 
accumulator into a valid BCD number after a BCD add operation. 


The subtract instructions subtract data in memory or an accumulator from 
another accumulator and store the difference in an accumulator. 


The clear instructions are used to clear (zero) a memory location or an 
accumulator. 


The decrement instructions are used to subtract one from a value in a 
memory location, an accumulator, the Index register, or the Stack Pointer, 
and store the new value in the original location. 


The increment instructions are used to add one to a value in a memory 
location, an accumulator, the Index registers, or the Stack Pointer, and 
store the new value in the original location. 
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23. The rotate instructions are used to shift the eight bits in a memory location 
or accumulator and the carry condition code register bit one bit position 
left or right. On a rotate left, the MSB is shifted into carry, and the carry 
bit is shifted into the LSB. On a rotate right, the carry bit is shifted into the 
MSB, and the LSB is shifted into carry. 


24. The shift instructions are used to shift the eight bits in a memory location 
or accumulator one bit position left or nght. In each instance the carry 
condition code register bit is replaced by the bit shifted out of the ac- 
cumulator or memory location. On a shift arithmetic left, the MSB is 
shifted into carry, and a zero is shifted into the LSB. On a shift arithmetic 
right, the LSB is shifted into carry, and the MSB is shifted back into the 
MSB as well as into the next bit position right. On a shift logical right, the 
LSB is shifted into carry, and a zero is shifted into the MSB. 


25. The load instructions are used to move the contents of memory into either 
accumulator, the Index registers, or the Stack Pointer. 


26. The store instructions are used to save the contents of either accumulator, 
the Index registers, or the Stack Pointer in memory. 


27. The transfer instructions are used to load the contents of one accumulator 
into the other, load the contents of the Index register into the Stack 
Pointer, or load the contents of the Stack Pointer into the Index registers. 


28. The AND instructions are used to logically AND, bit-for-bit, the contents 
of an accumulator with a memory location, and store the result in the 
accumulator. 


29. The OR instructions are used to logically OR, bit-for-bit, the contents of 
an accumulator with a memory location, and store the result in the 
accumulator. 


30. The Exclusive OR instructions are used to logically XOR (EOR), bit-for- 
bit, the contents of an accumulator with a memory location, and store the 
result in the accumulator. 


31. The complement instructions are used to perform a one’s complement 
Operation on a memory location or an accumulator. 


32. The bit test instructions are used to logically AND, bit-for-bit, the contents 
of an accumulator with a memory location, and set the appropriate condi- 
tion code register bits. The contents of the accumulator and memory loca- 
tion are not affected. 


33. The compare instructions are used to subtract the contents of a memory 
location from an accumulator, an accumulator from an accumulator, or 
two memory locations from the Index registers, and set the appropriate 
condition code register bits. The contents of the accumulators, Index 
registers, and memory are not affected. 
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34. 


aos 


36. 


ai. 


38. 


a. 


40. 


41. 


42. 


43. 


The test instructions are used to subtract zero from a memory location or 
an accumulator and set the appropriate condition code register bits. The 
contents of the accumulators or memory are not affected. 


The unconditional branch instruction forces the MPU to execute the in- 
struction pointed to by the relative address immediately following the 
branch instruction opcode. The relative address value is limited to +127, 


and —128,, bytes. 


The conditional branch instruction causes the MPU to test the contents of 
the condition code register. If the proper conditions are met, the MPU is 
forced to execute the instruction pointed to by the relative address imme- 
diately following the branch instruction opcode. If the conditions are not 
met, the branch is ignored and the next sequential instruction is executed. 
The relative address is limited to +127,, and —128,, bytes. 


The no operation (NOP) instruction is used to advance the Program 
Counter by one. You would use it to waste time in a program or reserve 
space in a program for future instructions. 


The STOP instruction is used to terminate programs. 


The clear condition code instructions are used to clear to a zero State the 
Carry, interrupt mask, or overflow register bits. 


The set condition code instructions are used to set to a one state the carry, 
interrupt mask, or overflow register bits. 


The transfer condition code register instructions are used to move the con- 
tents of the condition code register into the A accumulator, or the contents 
of the A accumulator into the condition code register. 


In extended addressing, the second and third bytes of the instruction con- 
tain the high-order and low-order bytes, respectively, of the memory loca- 
tion being addressed. 


In indexed addressing, the contents of the Index registers are used as 
pointers to the memory locations being addressed. The second byte of the 
instruction contains an 8-bit, unsigned, offset value that is added to the 
Index register value to indicate the actual memory location being 
addressed. 
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Unit 5 


STACK OPERATIONS 


INTRODUCTION 


In previous units you were introduced to the architecture and instruction set of 
the 68HC11 microprocessor. Much of the MPU’s capabilities were discussed; 
however, some important areas were omitted. These include the microproces- 
sor’s stack operations, use of subroutines, input/output, and interrupt capabilities. 


Beginning with this unit on Stack Operations, these important topics are pre- 
sented in the next three units. These units are considerably shorter than previous 
ones. This is to aid your understanding and facilitate your learning process. 
After mastering the material presented thus far, you should find these units 
straightforward as you continue your studies. 


By this point you are probably becoming fairly familiar with, and in some cases 
committing to memory, the mnemonics and operation of certain instructions in 
the 68HC11 instruction set. In this unit, the sixteen instructions used for per- 
forming operations on the 68HC11 stack will be presented and discussed. As you 
progress with your study of this unit, you should find it relatively easy to remem- 
ber the operation of the instructions presented by their mnemonics. This process 
of "memorizing" instruction operations (by their mnemonics) is made easier if 
the different kinds of instructions are grouped together and learned. It is much 
easier to learn and remember the mnemonics and operations of, for example, 
four closely related instructions (with something in common) than it is to re- 
member four totally unrelated instructions. Regarding the stack operations dis- 
cussed in this unit, although you will be learning a total of sixteen new instruc- 
tions, you will see that the first eight of these will fall into either of only two 
categories —— that is, either a push of data (on), or pull of data (from) the stack. 
The remaining eight instructions fall into only three categories —— that is, 
increment/decrement (the stack), load/store (the stack), or transfer a register to 
(or from) the stack. By approaching the task of learning to program with the 
right techniques, you will be well on your way to microprocessor programming 
proficiency. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


1, Define stack, stack operation, stack pointer, cascade stack, and memory 
stack. 

oe Write simple programs that can store data in — and retrieve data from — 
the stack. 

3. Write programs that use the stack and indexing to move a list from one 


place in memory to another. 


4. Explain the operations performed by each of the following 8 Push/Pull 
stack instructions: PSHA, PSHB, PSHX, PSHY, PULA, PULB, PULX, 
and PULY. 


2 Explain the operations performed by each of the following 8 stack pointer 
instructions: INS, DES, LDS, STS, TXS, TYS, TSX, and TSY. 
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Figure 5-1 


A cascade stack. 


STACK OPERATIONS 


In computer jargon, a stack is a group of temporary storage locations in which 
data can be stored and later retrieved. In this regard, a stack is somewhat like 
memory. In fact, many microprocessors use a section of memory as a stack. The 
difference between a stack and other forms of memory is the method by which 
the data is accessed or addressed. The discussion will begin by considering a 
simple stack arrangement used in some microprocessors. Then the more sophisti- 
cated stack arrangement used by the 68HC11 MPU will be discussed. 


Cascade Stack 


Some microprocessors have a special group of registers (usually 8 or 16) called a 
cascade stack. Each register can hold one 8-bit byte of data. Because these regis- 
ters are part of the MPU chip, they make excellent temporary storage locations. 
If we need to free the accumulator for some reason, we can store its contents in 
the stack. Later, if that piece of data is needed again, we can retrieve the data 
from the stack. Of course, we could also have freed the accumulator by storing 
the data in memory. What then is the advantage of the stack? 


One advantage of the stack is the method by which it is accessed or addressed. 
Recall that when a byte is stored in memory, an address is required. That is to 
store the contents of the accumulator in memory a 2-byte or 3-byte instruction is 
required. Depending on the addressing mode, the last one or two bytes is the 
address. Later, if the byte is retrieved, another instruction is required that also 
has an address. 


An advantage of the stack is that data can be stored into it or read from it with 
single-byte instructions. That is, the instructions used with the stack do not re- 
quire an address. Therefore, they are single-byte instructions. 


Figure 5-1 shows an 8-register stack similar to that found in some microproces- 
sors. This is called a cascade stack because of the method by which data is 
loaded and retrieved. All data transfers are between the top of the stack and the 
accumulator. That is, the accumulator communicates only with the top location 
on the stack. Data is transferred to the stack by a special instruction called 
PUSH. 
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The PUSH Instruction. Figure 5-2 illustrates how the PUSH instruction places 
data in the stack. The number 01,, is in the accumulator and we wish to tempo- 


rarily store it. While we could store the number in memory, this would require a 
2-byte or a 3-byte instruction. So instead, we use the PUSH instruction to place 
this number in the stack. Notice that the number is placed in the top location of 
the stack as shown in Figure 5-2A. The number remains there until we retrieve it 
or until we push another byte into the stack. 


Figure 5-2B shows what happens if, at some time later, we push another byte 
into the stack. Notice that the accumulator now contains 03,,. If the PUSH in- 


struction is executed, the contents of the accumulator are pushed into the top of 
the stack. To make room for this new number, the original number 01,¢ is 


pushed deeper into the stack. 


Figures 5-2C and 5-2D show two more numbers being pushed into the stack at 
later points in the program. Notice that new data is always pushed into the top of 
the stack. To make room for the new data, the old data is pushed deeper into the 
stack. For this reason, this arrangement is often called a push-down or cascade 
stack. The name cascade stack comes from the characteristic cascading of data 
down through the stack as each new byte is pushed in at the top. 


ACCUMULATOR ACCUMULATOR ACCUMULATOR ACCUMULATOR 
00001111 


0000000 1 00000011 00000111 


Figure 5-2 


Pushing data into the stack. 
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The PULL Instruction. The MPU retrieves data from the stack by using the 
PULL instruction. In some microprocessors, this is referred to as a POP 
instruction. 


Figure 5-3 illustrates how data can be pulled (or popped) from the stack. Figure 
5-3A shows the stack as it appeared after the last push operation. Notice that it 
contains four bytes of data. The last byte of data that was entered is at the top of 
the stack. 


The PULL instruction retrieves the byte that is at the top of the stack. As this 
byte is removed from the stack, all other bytes move up, filling in the space left 
by that byte. Figure 5-3B illustrates how OF,, is pulled from the stack. Notice 


that 07,, is now at the top of the stack. 


Figures 5-3C and 5-3D show how the next two bytes can be pulled from the 
stack. In each case, the remaining bytes move up in the stack, filling in the regis- 
ter vacated by the removed byte. 


If you compare Figures 5-2 and 5-3, you will notice that the data must be pulled 
from the stack in the reverse order. That is, the last byte pushed into the stack is 
the first byte that is pulled from the stack. Another name for this arrangement is 
a last-in/first-out (LIFO) stack. 


ACCUMULATOR ACCUMULATOR ACCUMULATOR ACCUMULATOR 


CTTTTTTTY] — [olotototsts11] = [olo"o'o0'1"1"1] ~— [oto'o'o'o'0'1'1 


00001111 000 


00000111 00000011 


0000001 1 00 000001 


0°0'0 0'0'00'1 Bs 


Figure 5-3. 
Pulling data from the stack. 
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Memory Stack 


While a cascade stack is valuable, it does have some limitations. For one thing, 
the number of registers is generally quite limited, with eight being typical. If 
more than eight pieces of data are pushed into the stack, the "older" bytes are 
pushed out the bottom and are lost. Also, the readout of the stack is destructive. 
When a byte is pulled from the stack, it no longer exists in the stack. This is 
fundamentally different from reading a byte from memory. 


Because of these limitations the 68HC11 MPU does not use a cascade stack. 
Instead, a section of RAM can be set aside by the programmer to act as a stack. 
This has several advantages. First, the stack can be any length that the program- 
mer requires. Second, the programmer can set up more than one stack if he likes. 
Third he can address the data in the stack using any of the instructions that ad- 
dress memory. 


Stack Pointer. Recall that the 68HC11 MPU has a 16-bit register called the 
stack pointer. In a memory-type stack, the stack pointer defines the memory 
location that acts as the top of the stack. 


The cascade stack considered earlier generally does not require a stack pointer. 
The top of the stack is determined by hardware. During push and pull operations, 
the data bytes actually move from one register to another. That is, the top of the 
Stack remains stationary and the data moves up or down in relation to the stack. 


In the memory stack, data cannot be easily transferred from one location to the 
next. Therefore, instead of moving data up and down in relation to the stack, it is 
much easier to move the top of the stack in relation to the data. 


Generally, when the microprocessor-based system is being planned, a section of 
RAM is reserved for the stack. This should be a section of RAM that is not being 
used for any other purpose. 


Once this is done, the stack can be set up by a program. The top of the stack is 
established by loading an address into the stack pointer. For example, suppose 
we wish to establish address 01F9,, as the top of the stack. The following in- 


struction could be used: 


LDS# 
01 
ro 


This loads the address 01F9,, into the stack pointer and establishes that address 


as the top of the stack. However, as you will see, the top of the stack moves each 
time data is pushed into —or pulled from — the stack. 
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The Push Instructions. The 68HC11 has four PUSH instructions: PSHA, 
PSHB, PSHX, and PSHY. These instructions are used to load the stack from 
either of the two accumulators (A,B), or either of the two index registers (X,Y). 
Together with their four corresponding PULL instructions, discussed in the next 
section, these eight PUSH/PULL instructions provide for much flexibility in the 
use of the 68HC11’s stack. 


Figure 5-4 shows the effects of the PSHA instruction. Before the instruction is 
executed, the stack pointer contains the address 01F9,, as a result of a previous 


LDS instruction. Accumulator A contains a data byte (AA,,). If the PSHA in- 


struction is now executed, the contents of accumulator A are pushed into mem- 
ory location 01F9,,. Then, the stack pointer is automatically decremented to 


O1F8,,. This automatically moves the top of the stack as shown. 


MPU 
STACK POINTER 


O1F 9 


A A 


RAM 


ACCUMULATOR A TOP OF 
01F9~#— STACK 
O1FA 
ee 01FB 
(A) BEFORE 
STACK POINTER ‘ 
| Tors 
: 01F6 
, = O1F7 = ToPOF 
ACCUMULATOR A 3 01F8 ~#— STACK 
4 01F9 
1 — O1FA 
I sine 01FB 
(B) AFTER 
Figure 5-4 


Executing the PSHA instruction. 


If you look at Appendix A or your Programming Reference Guide, you will see 
that the operation is described as follows: 


A — Stk, SP=SP - 1 


This means that the contents of the A accumulator are transferred to the memory 
location specified by the stack pointer. Also, the contents of the stack pointer are 
replaced by the previous contents of the stack pointer minus one. In other words, 
after the accumulator-to-stack transfer takes place, the stack pointer is decre- 
mented by one. 
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To reinforce the idea, assume that at some later point in the program, the MPU 
executes a PSHB instruction. This is illustrated in Figure 5-5. Before PSHB is 
executed, the B accumulator contains BB,¢ and the stack pointer is still pointing 


to 01F8,,. When PSHB is executed, the contents of accumulator B are pushed 
onto the stack and the stack pointer is decremented to 01F7,¢. 


The execution of the PSHX and PSHY instructions is similar to that of the ac- 
cumulator push instructions except the contents of the index registers are pushed 
onto the stack. Recall that the index registers are 16-bit registers. This being so, 
when PSHX or PSHY is executed, the low order byte is pushed onto the stack (to 
the address contained in the stack pointer) first. The stack pointer is then decre- 
mented by 2. These operations are summarized for the IX register as follows: 


IX — Stk, SP=SP -2 
TY — Stk, SP=SP -2 


Notice that (as with other Y-index register instructions) the hex opcode for 
PSHY is the same as that for PSHX, but is preceded by a prebyte of 18. 


MPU 
STACK POINTER 


0 1F 8 


[BB | 
ACCUMULATOR B 


RAM 


01F5 

01F6 

01F8 ~«— STACK 
01F9 

=! O1FA 

01FB 


(A) 


STACK POINTER 


0 , F 7 RRERRER RIOR RRR 01 F5 
Rumen 01F6 TOP OF 
ne 01F7~— STACK 
ACCUMULATOR B BB 01F8 


01F9 
O1FA 
: O1FB 
(B) AFTER 
Figure 5-5 


Executing the PSHB instruction. 


The PULL Instructions. Data bytes can be removed or "pulled" from the stack 
and placed into either the accumulator (A,B) or the index register (X,Y). The 
68HC11 has four pull instructions to accomplish these operations. 


PULA allows the MPU to pull data from the stack into the accumulator. PULB 
performs a similar operation except the data byte goes into accumulator B. In 
each case, data is pulled from the top of the stack. Thus, the data byte available 
to the MPU is the last byte that was placed in the stack. 


3-17 
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For example, Figure 5-6A shows the stack as we left it after the last push instruc- 
tion. Figure 5-6B shows what happens if the PULA instruction is executed. First, 
the stack pointer is automatically incremented by one to 01F8,,. Then the con- 


tents of the memory location designated by the stack pointer are transferred to 
accumulator A. Thus, BB,,¢ goes into accumulator A. Notice that the stack 


pointer is incremented before the byte is pulled from the stack. 
To be certain you have the idea, consider what happens if the PULB instruction 


is now executed. Figure 5-6C shows that the stack pointer is automatically incre- 
mented to 01F9,,. The contents of that location are then pulled into accumulator 


B. This operation is described in your Programming Reference Manual as: 
SP = SP+ 1, B € Stk 

SP} 01 F 7 

ACCA |. 


ACCB 


SP! 01 F 8 
acca[ BB 
ACCB EE: 


B. PULA EXECUTED 


SP} 01 F 9 
ACCA| B B 


ACCB| A A 


C. PULB EXECUTED 


Figure 5-6 


Executing PULL instructions. 


The function of the PULX and PULY instruction is similar to that of the PULA/ 
PULB instructions discussed, however, data is pulled from the stack (high order 
byte first) and loaded into the index register. This begins at the address con- 
tained in the stack pointer +1. The stack pointer is incremented by 2. These 
operations may be symbolically expressed: 


SP = SP + 2, IX € Stk 
SP = SP + 2, TY < Stk 


Remember there is a prebyte of 18 for the PULY instruction. 


Using the Stack. As we have seen, 8 of the 16 basic stack instructions are for 
pushing data onto, or pulling data from the stack. As demonstrated in several of 
the experiments in Unit 8, the Push/Pull instructions can be used to temporarily 
save the contents of the accumulators or index registers. This can be done during 
operations that would destroy the contents of these registers. 


The remaining 8 stack instructions are concerned with relatively simple stack 
operations. Most of these have either been discussed or are self explanatory. 
They include INS which increments (by one) the stack pointer; DES to decre- 
ment the stack pointer; LDS which loads the stack pointer from two sequential 
addresses in memory; STS which stores the contents of the stack pointer in two 
sequential memory addresses; TSX and TSY which load the specified index 
register with one plus the contents of the stack pointer; and TXS and TYS which 
load the stack pointer with the contents of the specified index register minus one. 
Figure 5-7 summarizes these instructions. The push and pull instructions are 
listed with the Accumulator and Memory Operations. Those instructions that 
affect the stack pointer are listed under Index Register and Stack Pointer Opera- 
tions. As with other instructions, you will become familiar and proficient at 
using these instructions through study and practice. A brief explanation of these 
and all other 68HC11 instructions is contained in Appendix A. Get in the habit 
of referring to Appendix A and your Programming Reference Guide as a quick 
check of programming information. 


ADDRESSING MODES 
STACK AND STACK POINTER | IMMED | DIRECT 


OPERATIONS 
Push Data 


Pull Data 


1 
; 
1 
2 
1 
1 
1 
2 


Decrement SP 
Increment SP 


—_> —_A 


Index Reg. to SP 


SP to Index Reg. 


Figure 5-7 


Stack and stack pointer instructions. 
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BOOLEAN/ARITHMETIC OPERATION 
(All register labels 
refer to contents) 


A —> Stk, SP = SP -1 
B —> Stk, SP =SP -1 
IX —> Stk, SP = SP -2 
IY —> Stk, SP = SP -2 
SP = SP +1,A €— Stk 
SP = SP +1,B €— Stk 
SP = SP + 2, IX €— Stk 
SP = SP + 2, lY €— Stk 


SP-1-—>SP 
SP +1— SP 
M:M + 1—> SP 
SP — M:M + 1 
IX-1— SP 
IY-1—>SP 
SP +1— IX 
SP+1— IY 
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Following are some examples of how the stack can be used. First consider a 
trivial example. Using only stack operations, swap the contents of accumulators 
A and B. Assuming the stack pointer has already been set up, the program seg- 
ment might look like this: 


PSHA 
PSHB 
PULA 
PULB 


Assume that accumulator A initially contains AA ,, and that accumulator B con- 
tains BB,«. The first instruction pushes AA,, onto the stack. Next BB,, is pushed 
onto the stack. The third instruction pulls BB,, from the top of the stack and 
places it in accumulator A. Finally, the last instruction pulls AA,, from the stack 


and places it in accumulator B. As you can see, the contents of the two ac- 
cumulators are reversed. The following routine accomplishes the same thing 
with one less instruction: 


PSHA 
TBA 
PULB 


Now look at a more complex example. Assume that you wish to transfer 16,, 


bytes of data from one place in memory to another. As you saw in the previous 
unit, this type of problem is a good candidate for indexing. However, indexing 
alone becomes cumbersome if the two lists are over FF,, memory locations 


apart. The reason for this is that the offset address can only extend FF,, locations 
above the address in the index register. 


In this example, assume you wish to move the data in memory locations 0010,, 
through OO1F,, to locations 01F0,, to O1FF,,. While this could be accomplished 
using indexing alone, the program becomes unnecessarily complicated. Two 
Separate indexes must be maintained; one for loading data from 0010,, through 
OO1F,,, the other for storing data in O1FO,, through O1FF,,. A simpler approach 
is to use indexing for one operation and the stack capability for the other opera- 
tion. That is, we could load data from the lower list using indexing and store it in 
the upper list using the stack capability. 


A program that does this is shown in Figure 5-8. The first instruction loads the 
stack pointer with address 01FF,,. This is the address of the last entry in the new 
list that will be formed. Recall that the new list is to be written in locations 
O1F0,, through O1FF,,. Once location 01FF,, is established as the top of the 
stack, we can enter data into the new list simply by pushing data onto the stack. 
Because the stack pointer is decremented with each push operation, we must 
push the last entry in the list onto the stack first. 


Stack Operations 5-1 5 


HEX HEX MNEMONICS/ 
ADDRESS | CONTENTS | CONTENTS COMMENTS 


Load the stack pointer immediately with the 
address of the last entry in the 

new list. 

Load the index register immediately with the 
address of the last entry in the 

original list. 


Load accumulator A indexed from 

the original list. 

Push the contents of accumulator A into the new list. 
Decrement the index register. 

Compare the contents of the index register 

with one less than the address of the 

first entry in the original list. 

If no match occurs, branch back 

this far. 

Otherwise, Stop. 


Figure 5-8 
Moving a list of data using both 
indexing and stack operations. 


The second instruction loads the index register with the address of the last entry 
in the original list. This is necessary for the reason pointed out above. 


Next, the A accumulator is loaded using indexed addressing. Since the offset 
address is 00;,¢, the accumulator is loaded with the contents of 001F,,. That is, 


the last entry in the original list is loaded into accumulator A. 


The PSHA instruction then pushes the contents of accumulator A onto the stack. 
Thus, the last entry in the original list is transferred to location O1FF,,. In the 


process, the stack pointer is automatically decremented to 01FE,«. 


The index register is decremented to O01E,, by the next instruction. Then, the 
CPX instruction compares the index register with OOOF,, to see if all entries in 


the list have been moved. If no match occurs, the MPU branches back and picks 
up the next entry in the list. The loop is repeated over and over again until the 
entire list has been moved to its new location. 


Additional uses of the stack will be revealed later. However, even if the stack did 
nothing more than has already been explained, it would be a very useful capabil- 
ity to have. But as you will see, the MPU uses the stack in several other ways 
that makes this capability even more important. 


5- | 6 UNIT FIVE 


Self-Test Review 

1. What is a stack? 

pm What is a cascade stack? 

2 What is a memory stack? 

4. Which type of stack does the 68HC11 MPU use? 

=F What is the name of the instruction that stores data in the stack? 

6. What type of instruction is used to retrieve data from the stack? 

Fe What is the purpose of the stack pointer? 

8. The PSHA instruction transfers data from accumulator A to 

9. The PULB instruction transfers data from the top of the stack to 

10. Refer to Figure 5-8. How can we change this program so that the new list 
is placed in addresses 0220,, through 022F? 

11. Which instruction does the opposite of incrementing the stack pointer — 
that is, which instruction is the opposite of the INS instruction? 

12. What instruction is used to load the stack pointer with the contents from 
two consecutive memory locations? 

13. Which instruction could be used to "undo" the TXS instruction? 

14. | What opcode would be entered to execute the TSY instruction? 

15. How many consecutive bytes of memory are required to hold the opcode 


for the PSHY instruction? 
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Answers 


1. A stack is a group of registers or a section of memory that is used as a 
last-in, first-out memory. 


2 A cascade stack is a group of hardware registers (usually 16 or less) that is 
used as a last-in, first-out memory. 


3. A memory stack uses a section of RAM as a last-in, first-out memory. 
4. A memory stack 

5. PUSH 

6. PULL 

ve The stack pointer indicates the address of the top of the stack. 

8. The top of the stack. 

9. Accumulator B. 


10. By changing the first instruction to: LDS# 022F,. 


11. | Decrement stack pointer or DES does the opposite of the INS instruction. 


12. The Load stack pointer of LDS instruction is used to load the stack pointer 
with the contents from two consecutive memory locations. 


13. The TSX, or "Transfer from stack pointer to index register X," is used to 
"undo" or reverse the TXS instruction. 


14. Toexecute the TSY instruction, enter 


18 prebyte into memory location M, and... 
30 opcode into memory location M+1. 


15. Two consecutive bytes of memory are required to hold the PSHY instruc- 
tion — one for the prebyte, and one for the opcode (as in question #14). 
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UNIT 5 SUMMARY 

1. In computer jargon, a stack is a group of temporary storage locations in 
which data can be stored and later retrieved. 

a. A cascade stack is a group of registers devoted to the storage of data. 

a A memory stack is an area of memory reserved for stack operations. 

4. Data is pushed into and pulled from a stack in a last-in/first-out basis. 

5. When the amount of data pushed into a cascade stack exceeds the capacity 
of the stack, the first data pushed is lost. 

6. A memory stack has no fixed length. However, if too much data is pushed 
into the stack, it can overwrite program code or data. 

‘2 An advantage of a stack transfer operation over a memory transfer opera- 
tion is that the instruction to push or pull data in a stack does not require 
an address value. 

8. More than one stack can be setup in memory. 

5 The Stack Pointer is a 16-bit register in the 683HC11 MPU that is used to 
identify the location of the top of the stack in memory. 

10. The push instructions are used to move the contents of either accumulator 
into the stack. 

11. The pull instructions are used to move the data at the top of the stack into 
either accumulator. 

12. There are 16 instructions used for stack operations: PSHA, PSHB, PSHX, 


PHSY, PULA, PULB, PULX, PULY, INS, DES, LDS, STS, TXS, TYS, 
TSX, and TSY. 
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Unit 6 


DOUBLE ACCUMULATOR AND 
SUBROUTINE INSTRUCTIONS 


INTRODUCTION 


You should already be somewhat familiar with the double accumulator from 
performing the expcriments to this point. The 68HC11 MPU contains two 8-bit 
gencral purpose accumulator registers used to hold opcrands and the results of 
arithmetic calculations or data manipulations. As mentioned previously, these A 
and B registers may be connected or concatenated together to form a single 16- 
bit register called the double or D-accumulator. In addition to the single 8-bit 
accumulator instructions discussed, the 68HC11 also has instructions specifically 
for the 16-bit D-accumulator. In general these instructions allow the same kinds 
of operations on the D-accumulator as with the single accumulators, however, 
the 16-bit size of the D-accumulator increases its versatility over a single 8-bil 
accumulator. As mentioned you should be familiar with some of these instruc- 
tions. For example just as the ADD instruction can be used to add the contents of 
memory to the contents of an 8-bit accumulator A or B, the ADDD instruction 
adds the contents of two successive memory locations to the contents of the 16- 
bit D-accumulator. Unlike the single accumulators, however, the D-accumulator 
has single instructions for 16-bit arithmetic operations such as addition, subtrac- 
tion, multiplication, and division. 


These and other D-accumulator instructions, along with subroutine programming 
instructions will be discusscd in this unit. As with all instructions discussed thus 
far, aficr learning thcir basic use and operation you should refer to your 
Programming Reference Guide or Appendix A for future reference when 
programming. 
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UNIT OBJECTIVES 


When you have completed this unit you will be able to: 


lL. Describe the operation of the 16-bit, double "D" accumulator in the 
68HC11 microprocessor. 


2. Use the D-accumulator to perform arithmetic and data handling 
opcrations. 


3. Explain the use of the instructions: ADDD, ASLD, CPD, FDIV, IDIV, 
LDD, LSLD, LSRD, MUL, STD, SUBD, XGDX, XGDY. 


4, Identify the symbolic representations of the D-accumulator instructions 
discusscd in this unit. 


ss Define the term subroutine as applicd to computer programming. 
6. Explain how subroutines are used in computer programs. 
7. Give gencral examples of programming situations in which the use of a 


Subroutine would be appropriate. 


8. Explain the use of the 68HC11 subroutine instructions: 
JSR, BSR, and RTS. 
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DOUBLE ACCUMULATOR INSTRUCTIONS 


As you have scen in previous experiments, the 16-bit (double) D-accumulator 
(ACCD) can greatly increase the programming flexability of the 68HC11. You 
have also probably realized that a 16-bit accumulator affords extra programming 
ease not possible with only a single 8-bit accumulator. This is true because it 
allows accumulator manipulations of 16-bit operands and addresses without the 
need to resort to multiple instructions. 


This section contains an alphabctical presentation of D-accumulator instructions 
available with the 68HC11. From your previous studics you may be familiar with 
certain kinds of instructions, for example the ADDD instruction for the D- 
accumulator works much the same way as ADDA for the 8-bit A accumulator. 
Other D-accumulator instructions, however, will be completely new to you. In 
cither case do not attempt to memorize all the details of every instruction. In- 
stead, try to familiarize yoursclf enough with the names and descriptions of the 
instructions to gain a practical understanding of them from a programmer's 
perspective. After accomplishing this, use your references for specific details. 


ADDD Instruction 


The ADDD instruction is used to add the contents of two successive memory 
locations, M and M+1 to the contents of accumulator D (ACCD) and place the 
results in ACCD. This operation is represented symbolically as: 


ACCD € (ACCD) + (M:M+1). 


Notice that this operation is similar to the single accumulator ADD which docs 
the same thing for the A accumulator and a single 8-bit memory location. 


As you Icarm the ACCD instructions you should be aware of how the exccution 
of a particular instruction affects the condition codes. In gencral you will find 
that only the last four or N, Z, V, and C condition code bits may be affected by 
the execution of ACCD instructions. In most cases it should be apparent why a 
particular condition code will be set or cleared. For example any instruction that 
leads to a negative, zero, overflow, or carry will affect the appropriate condition 
code bit(s). In gencral, all of the condition codes affected by ACCD instructions 
will be sct only if a particular condition is met. They will be cleared otherwise. 


The ADDD instruction may affect any of the N, Z, V, or C condition codes. The 
N bit will be set if the most significant bit of the 16-bit result is sct. As with 
other instructions, the Z flag will be sct only if all bits of the ADDD result arc 
zero. The V flag is sct only if a twos complement overflow results. Finally, the C 
flag is sct only if a carry from the most significant bit results. 
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ASLD and LSLD Instructions 


The arithmetic Shift Left Double Accumulator or ASLD and LSLD or Logical 
Shift Left Double Accumulator instructions accomplish exactly the same opera- 
tion. Their opcodes are the same. This dual naming of instructions is not uncom- 
mon in the instruction sets of microprocessors. The reason for this is to provide 
the programmer opposite instructions corresponding to both arithmetic and logi- 
cal instructions which accomplish the same result. Depending on what context 
the instruction is used, it may be more appropriate to think of it as an arithmetic 
or logical instruction. Regardless of what name is used, however, the ASLD/ 
LSLD instruction operates by shifting each of the 16- bits of the D-accumulator 
one place to the left while loading bit O with a logical zero. The most significant 
bit (15) is transferred to the C condition code register. Figure 6-1 illustrates the 
instruction which may be executed only in the inherent addressing mode. 


]-— CCCP --Clrerrrero=-° 
b/ ACCA bO b/ ACCB bO 
MSB LSB 


Figure 6-1 
Arithmetic or Logical Shift Left Double Accumulator Instruction. 


The N and Z condition code bits are affected the same as for the ADDD instruc- 
tion just discussed. The V flag is set if N is set and C is cleared after the shift 
occurs, or if N is cleared and C is set. The C flag is set if the most significant bit 
of ACCD was a 1 before the shift operation. 


CPD Instruction 


The Compare Accumulator D or CPD instruction serves to compare the contents 
of the accumulator with a 16-bit value at an address specified and set the condi- 
tion codes accordingly. CPD is executed internally as a 16-bit subtract of two 
successive memory bytes from accumulator D. This action does not change the 
contents of accumulator D or the two memory locations involved. the symbolic 
representation of the CPD operation is 


(ACCD) — (M:M+1) 


This operation can be useful in a number of programming situations. A review of 
the condition code register flags can be used to illustrate some of the possible 
applications of the CPD instruction. For example, using CPD, we could evaluate 
the equality (or inequality) of two 16-bit values with the convenience of an ac- 
cumulator operation. This could be done by monitoring the status of the V, Z, N, 
or C condition register flags after the CPD instruction is executed. The N and Z 
condition code register flags are affected the same for CPD as for the other 
ACCD instructions discussed. The V flag is set only if the internal subtraction 
results in twos complement overflow. The C flag is set only if the absolute value 
of the memory contents is larger than that of ACCD. 
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FDIV Instruction 


The FDIV or Fractional Divide instruction accomplishes a binary division of the 
D-accumulator (dividend) by the 16-bit value in the X-index register (divisor). 
The result of the division (quotient) is stored in the X-index register, and the 
remainder is stored in the D-accumulator. Represented symbolically, 


(ACCD)/(IX);IX <— Quotient, ACCD < remainder. 


Intended as a fractional division, certain assumptions are made regarding how 
the instruction executes and how the condition codes are affected. The radix 
point (also called binary point) is assumed to be in the same location for both the 
numerator and denominator (divisor). Because the numerator is assumed to be 
_— less than the denominator, the radix point is located to the left of bit 15 in the 
—<__—s quotient. If the denominator value is less than, or equal to the numerator, the 
‘\ fractional value will be greater than 1 and an overflow will occur. A division by 
zero will also result in an overflow. When an overflow occurs the quotient valuc 
is automatically set to FFFF hexadecimal (65,535 decimal) and the remainder 

may not be determined or is said to be indeterminate. : 


Only the C, V, and Z condition code flags are affected by the FDIV instruction. 
The C (carry) flag is set only if the denominator is zero. The V (overflow) condi- 
tion code bit is set only if the denominator is less than or equal to the numerator, 
thus resulting in a quoticnt greater than or equal to one. Finally, as with other 
instructions discussed, the Z (zero) flag is set only if the fractional division per- 
formed by FDIV results in a quotient of zero, 1.e. all bits in the quotient equal 
zero. Figure 6-2 summarizes diagrammatically the FDIV instruction. 


16—BIT D—ACCUMULATOR 16—BIT X—INDEX REGISTER 


see) CTT CELLET TTT vores 
(NUMERATOR) 7 


a 


vowneeror) CLL) LTTE ITITL} eemannoer 
(DENOMINATOR) i - 


16—BIT X—INDEX REGISTER 16—-BIT D—ACCUMULATOR 


Figure 6-2 


Diagram of FDIV instruction execution. 
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IDIV Instruction 


IDIV is the mnemonic for the Integer Divide instruction. Similar to FDIV dis- 
cussed, the IDIV instruction is used to perform binary division. As implied by its 
name, however IDIV is used for dividing integer or whole numbers in contrast to 
fractions. The IDIV instruction divides a 16-bit binary integer in the D- 
accumulator, the dividend, by another 16-bit binary integer in the X-index 
register, the divisor. As with FDIV, the 16-bit result of the IDIV division, or 
quotient, is placed in the X-index register and the remainder is placed in the D- 
accumulator. Notice the similarity of the FDIV and IDIV instructions. Except for 
the difference of the instructions being used for fractions and integers respec- 
tivcly, these instructions are essentially identical. The IDIV operation is repre- 
sented symbolically by 


(ACCD)/CX);IX — Quotient, ACCD < remainder. 


Also similar to FDIV, the radix or binary point for IDIV is assumed to be in the 
same place for both the numerator and the denominator. Because the quotient is 
assumed to be an integral value greater than or equal to onc, the radix point is 
located to the right of bit zero in the quoticnt. Again, just as in normal division, a 
division by zcro is meaningless and results in a remainder which can not be 
determined. The Z and C condition code register flags are affected identically for 
IDIV as for FDIV. Execution of IDIV clears the V overflow flag. 


LDD Instruction 


The LDD or Load Double Accumulator instruction is uscd to load the contents of 
two successive memory locations into the D-accumulator. This instruction is 
very similar to the LDA instruction discussed for 8-bit data. Like LDA, LDD 
transfers data from memory to an accumulator--in the case of LDD, to the double 
accumulator ACCD. This operation is described symbolically as 


ACCD <— (M:M+1); ACCA < (M), ACCB < (M+1). 


Only the N and Z condition code bits are dynamically affected by the LDD in- 
struction. The negative or N bit is set if the most significant bit of the number 
loaded is sct by the operation. It is cleared otherwise. The zero or Z condition 
code register bit is sect only if all bits loaded are clearcd to zcro. The Z bit is 
cleared in all other cases. LDD clears the V flag. 
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LSRD Instruction 


Similar to the LSLD instruction is the LSRD or Logical Shift Right Double Ac- 
cumulator operation. This instruction shifts all bits of the double accumulator 
one place (bit) to the night. The most significant bit (MSB) or bit 15 is loaded 
with a zero. The least significant (LSB) or bit O is shifted out the right end of 
ACCD into the C condition code register as a carry. Figure 6-3 describes this 
operation. 


o—[TTTTTITTJ-LITILLLI ITI 


Figure 6-3 
The LSRD instruction. 


As mentioned the C condition code bit is set or cleared depending on the value 
of the LSB shifted into it. The N condition code bit is cleared. Like other opera- 
tions discussed, the Z bit is sct only if all bits are cleared, and the V flag is set if 
a carry results from executing the instruction--that is if the C flag is set. 


MUL Instruction 


The MUL or multiply instruction accomplishes a binary multiplication of the & 
bits in accumulator A by the 8 bits in accumulator B and then stores the result as 
a 16-bit unsigned number in the double accumulator ACCD. This is represented 
as 


ACCD <- ACCA * ACCB. 


Only the C condition code is affected. The C flag is set if the MSB (bit 7) of the 
binary product (multiplication result) is set. It is cleared otherwise. 


STD Instruction 


Comparable to the single store accumulator instruction STA alrcady 

discussed, the STD or Store Double Accumulator instruction is used to store the 
contents of the double D accumulator ACCD in two successive memory loca- 
tions. This operation is represented symbolically by 


M : M+l1 < (ACCD). 


The execution of the STD instruction does not change the contents of ACCD. 
Only the N, Z, and V condition codes are affected by the STD instruction. As 
with the LDD instruction discussed, Z is sect only if the MSB of ACCD is sct; Z 
is set only if all ACCD bits are cleared; and V is cleared. 
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SUBD Instruction 


The SUBD or Subtract Double Accumulator instruction subtracts the contents of 
two successive memory locations (M and M+1) from the contents of ACCD with 
the result being placed in ACCD. Symbolically stated 


ACCD < (ACCD) — (M:M+1). 


This operation affects the N, Z, V, and C condition codes in a straightforward 
and predictable manner. The N flag is set if the MSB of the subtraction result is 
set, and otherwise cleared. The Z flag is sct only if all bits of the result are 
cleared. The V flag is set only if a twos complement overflow results from the 
operation. And finally, the C flag is set only if the absolute value of the memory 
contents is larger than the absolute value contained in accumulator D. 


XGDX and XGDY Instructions 


The XGDX or Exchange Double Accumulator and Index Register X, and the 
XGDY or Exchange Double Accumulator and Index Register Y, are straightfor- 
ward and somewhat self explanatory instructions. As implied by their names, 
these instructions allow you as programmer to exchange or "swap" the contents 
in the 16-bit double accumulator with either of the 16 bit index registers. XGDX 
and XGDY are symbolically described as 


(IX) <& (ACCD), and 
(TY) <> (ACCD). 


These instructions can be useful in a number of programming situations involv- 
ing the index registers. Among these are applications involving the index regis- 
ters as counters, temporary data storage locations, and to update data quickly and 
efficiently. The later could be done by a data swap with ACCD. None of the 
eight condition codes are affected by the execution of either of these instructions. 


oie 


UNIT SIX 


All of the accumulator D instructions discussed in this unit are summarized in 


Figure 6-4. 
ADDRESSING MODES 
DIRECT | _INDEX_| EXTEND |_ INHER | BOOLEAN EXPRESSION 
siematicnes. __sncwese: ford wl heed} a vt | a fork «| a lord fa! 
ADD /SUBTRACT ADpd~ = |c31 4| 3103/5] 2 /e3l6|2IF3/6]3 D+M:M+1—*D 
SUBD |83/4/319315|12|a316|2\B3/ 6] 3 D—M:M+1 —*D 
MULTIPLY /DIVIDE MUL AXB —> D 
INTEGER DIVIDE IDIV D/IX—*IX;R —*D 
FRACTIONAL DIVIDE FDIV D/IX—>IX;R —>D 
ARITH. ICAL SHIFT A C BIS B0 
/LOGICAL SH ASLD a 
B15 BO Cc 
LSRD-— |, IA IA IA ree 
LOAD LDD M —»A,M+1—~B 
STORE STD pp] 4} 2 leo} 5|2IFol 5] 3 i meh Bie 
EXCHANGE ACCD 
w/X INDEX REG. IX —>D,D — IX 
w/Y INDEX REG. [iy 5,0 — 17 


Figure 6-4 


Double accumulator instructions. 
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Self Test Review 
1. How many 8-bit accumulator registers does the 68HC11 have? 
‘a How many 16-bit accumulator registers does the 68HC11 have? 


3: What is the relationship between the 68HC11’s 8-bit and 16-bit ac- 
cumulator registers? 


4. Which instruction is used to add the contents of two successive memory 
locations to the D-accumulator contents? 


ns Does the 68HC11 handle the execution of the ASLD instruction any dif- 
ferently than the execution of the LSLD instruction? 


6. Which operation is the CPD instruction a mnemonic for? 


ts What is the main difference in application of the two binary division in- 
structions FDIV and IDIV? 


8. If the LSB in the double D-accumulator is a binary 1, will the C condition 
code be set or cleared after execution of the LSRD instruction. 


oR Which double accumulator instruction is represented by ACCD <- ACCA 
* ACCB? 


10. | Which instruction could be used to decrease the value contained in the 
double accumulator by an amount equal to the combined value of two 
successive memory locations? 
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Answers 


10. 


The 68HC11 has two 8-bit accumulator registers, accumulator A and ac- 
cumulator B. 


The 68HC11 has one 16-bit double accumulator called the D-accumulator. 


The two single 8-bit accumulators concatenated together form the single 
16-bit double accumulator. 


The ADDD instruction is used to add the contents of two successive mem- 
ory locations to the contents of the D-accumulator. 


No. The 68HC11 handles the execution of ASLD and LSLD exactly the 
same — they are actually the same instruction with a single opcode for 
both. 


The CPD instruction is a mnemonic for Compare Accumulator D. 


The main difference between the FDIV and IDIV instructions is that FDIV 
is specifically for fractional divisions while IDIV is for integer or whole 
number divisions. 


Because the LSB in accumulator D is shifted out of the register and into 
the C condition code register upon execution of the LSRD instruction, if 
the LSB in ACCD is a binary 1, the C condition will be set. 


The MUL or multiply instruction is represented by ACCD < ACCA * 
ACCB. 


The SUBD or Subtract Double Accumulator instruction acts to subtract 
the contents of two successive memory locations from the contents of the 
D-accumulator. 
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SUBROUTINES 


A subroutine is a group of instructions that performs some limited but frequently 
required task. A given subroutine may be used many times during the execution 
of the main program. In many cases, the easiest way to write a program is to 
break the overall job down into many simple operations, each of which can be 
performed by a subroutine. 


Because subroutines are used so frequently, most microprocessors have special 
capabilities that allow them to handle subroutines efficiently. In this section, 
these capabilities will be examined. The discussion will start with the instruc- 
tions associated with subroutines. 


The 68HC11 MPU has three main instructions that are used to handle sub- 
routines. They are: 


Jump to Subroutine (JSR) 
Branch to Subroutine (BSR) 
Returm from Subroutine (RTS) 


Each of these will be discussed in this section. One other instruction that has not 
yet been mentioned will also be discussed. It is the Jump (JMP) instruction. 
While not used exclusively with subroutines, the JMP instruction makes an ex- 
cellent introduction to the Jump to Subroutine (JSR) instruction. Therefore, the 
Jump (JMP) instruction will be discussed first. 


Jump (JMP) Instruction 


This instruction allows the MPU to jump from one point in a program to another. 
In this respect, it is somewhat like the Branch Always (BRA) instruction that 
was discussed earlier. The difference is the method of addressing used. Recall 
that the BRA instruction used relative addressing. This has the advantage that 
only a 2-byte instruction is required. Its disadvantage is that the branch must be 
within the range of —128 bytes to +127 bytes of the program count. 
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The JMP instruction can use either the indexed or the extended addressing mode. 
It does not use relative addressing. When using extended addressing, the format 
of the JMP instruction is as shown in Figure 6-5. Three bytes are required; the 
opcode followed by the 2-byte address to which the MPU is to jump. Since a 
16-bit address is given, the jump may be to any point in the 65,536,, byte mem- 
ory range. This address is loaded into the program counter so that the next op- 
code is fetched from that address. The previous contents of the program counter 
are lost. Thus, the MPU starts executing instructions from a new point in 


memory. 
ADDRESS TO WHICH 
THE MPU 


WILL JUMP. 
Figure 6-5 


Format of the JMP instruction using 
extended addressing. 


An example of how the JMP instruction can be used is shown in Figure 6-6. 
Here, a long program is to be repcated over and over again. This is typical of 
applications such as controllers that repeat the same operations endlessly. The 
program is contained in the upper 1k bytes of memory. It starts at location 
FCOO,, and ends at FFEO,,. Notice that the last instruction is JMP FCO00,,. This 


sends the program back to its beginning so that the loop is repeated endlessly. 


PROGRAM TO BE 
REPEATED 


Figure 6-6 
Using the JMP instruction to 
repeal a program. 
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Another possible use of the JMP instruction is shown in Figure 6-7. Here, the 
main program is in the lower memory locations shown on the Icft. The main 
program requires a subroutine that is up at address AQOO (shown on the night). 
The JMP instruction at address 0070 sends the MPU off to the subroutine as 
shown. The last instruction in the subroutine is another JMP instruction that 
sends the MPU back to the main program. 


MEMORY 
ADDRESS 
AQ0O 
MEMORY 
Le 
0070 JMP 
oo72 | OO | an 
re ent 
a 
PROGRAM 4 
es 
Le otal rn 


Figure 6-7 


Using the JMP instruction to call a subroutine. 
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Jumping to a subroutine is often referred to as calling a subroutine. While we 
can call a subroutine using the JMP instruction, this approach has a distinct 
problem. What happens if the main program wants to call the same subroutine 
more than once? That is, suppose a situation like that shown in Figure 6-8 is 
required. Here, the main program (on the left) wishes to call the subroutine (on 
the right) at two separate points. Jumping to the subroutine is no problem. We 
can do that as many times as we like, using the instruction JMP A000. The prob- 
lem is: how do we get back from the subroutine to the main program? The first 
time through the subroutine, the MPU should return to address 0073. The second 
time through, the MPU should return to address 0093. 


A programmer could get around this problem by changing the last instruction in 
the subroutine before each call or by constructing a table of return addresses, etc. 
However, most microprocessors have some instructions that solve this problem 
for us. The following section will discuss the 68HC11 MPU’s solution to this 
problem. 


MEMORY 


MEMORY 
ADDRESS 
A000 


ADDRESS 


0070 JIMP 
0071 AO 
0072 


0073 


MAIN 
PROGRAM 
SUBROUTINE 


0090 
0091 
0092 
bO%5 


Figure 6-8 


The JMP instruction cannot handle situations like this one. 


JSR and RTS Instructions 


If you refer to Figure 6-8 again, you will see that this problem arises because the 
old program count is not saved when the MPU jumps from one location to the 
next. However, the 68HC11 MPU has an instruction that will not only jump to a 
subroutine, it will also cause the old program count to be stored away. This in- 
struction is called the Jump to Subroutine (JSR) instruction. Its format is exactly 
the same as the JMP instruction but its execution is different. 


~~ 
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Figure 6-9 shows how the earlier problem can be solved using the JSR instruc- 
tion. Notice that the two JMP instructions in the main program have been re- 
placed by JSR instructions. Notice also that the last instruction in the subroutine 
is a Return from Subroutine (RTS) instruction. These new instructions ease the 
problem of calling the subroutine. 


MEMORY 


MEMORY 
ADDRESS 


AQ0O 


MAIN 
SUBROUTINE 


oe) 
oO 
oO 
> 
O 


Figure 6-9 
The JSR and RTS instructions can be used 
to handle this situation. 


When the first JSR instruction is executed, the subroutine address AQ00,, is 
placed in the program counter. However, just prior to this, the program counter 
was incremented to the address of the next instruction in sequence. That is, the 
program counter was advanced to 0073,, while the contents of address 0072,, 
were being retrieved. This count (0073),, is automatically pushed onto the stack. 
By saving the old program count, the MPU can tell where to return after the 
subroutine is finished. As soon as the old program count is tucked away safely in 
the stack, the subroutine address AQ00,, is placed in the program counter. Thus, 
the MPU fetches the next instruction from address A000, «. 


Notice that the last instruction in the subroutine is an RTS instruction. When the 
MPU encounters this single-byte instruction, it will jump back to the point where 
it Ieft off in the main program. It does this by pulling the old program count 
(0073,,¢) from the stack and placing it in the program counter. Consequently, the 


next instruction will be fetched from address 0073,,. As you can sce, this returns 
the MPU to the correct point in the main program. 


Notice that the programmer does not specify a return address at the end of the 
Subroutine. The return address is automatically pulled from the stack. This al- 
lows us to call the subroutine repeatedly from several different points in the main 
program. 
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Figure 6-9 shows that the subroutine is called again by the JSR AO0OO instruction 
in location 0090,,. As this instruction and address are decoded, the program 


count is incremented to 0093,,. This program count is pushed onto the stack. 
Then A000,, is placed in the program counter. Thus, the MPU jumps off to the 
subroutine. When the subroutine is finished, the RTS instruction causes the old 
program count to be pulled from the stack into the program counter. This causes 
the MPU to jump back to address 0093,, which contains the next instruction in 
the main program. 


Nested Subroutines 


Figure 6-10 shows a situation in which the main program calls subroutine A. In 
turn, subroutine A calls subroutine B. In this situation, subroutine B is called a 
nested subroutine. That is, a nested subroutine is a program segment that is 
cailed by another subroutinc. If control is to be eventually returned to the main 
program, two program counts must be saved. Figure 6-16 shows how the two 
program counts are saved in the stack. 


STACK STACK 


ADDRESS 
0087 
OO88 
0089 
OOSA 


ee 


MAIN 
PROGRAM 


STACK 


Figure 6-10 


Handling nested subroutines. 
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At the start of the main program, the stack pointer is loaded with the address of 
the area in memory that has been set aside to act as the stack. If no stack instruc- 
tions have been executed when the main program arrives at the first JSR instruc- 
tion, the stack pointer will still be pointing to where it was originally set. The 
contents of the stack are of no interest until this point. 


When the main program reaches the JSR instruction, the program count is ad- 
vanced to the address of the next instruction in sequence (008A,,). When the 


JSR instruction is executed, this address (008A,,) is pushed onto the stack as 
shown. The low order byte goes in first, followed by the high order byte. In the 
process, the stack pointer is decremented twice. Finally, the new address 
(CO00,,) is placed in the program counter. This causes the MPU to jump off to 
subroutine A which starts at C000)... 


Notice that halfway through subroutine A, subroutine B is called. Consequently, 
the return address in subroutine A (CQ06,,) must be saved. That is, when the 


program reaches the JSR instruction in subroutine A, the return address (C006, «) 


is pushed onto the stack as shown. Notice that there are now two return addresses 
in the stack. The starting address of subroutine B (FO0Q0,,) is then placed in the 


program counter and the MPU jumps off to this subroutine. 


Subroutine B has no nested subroutines of its own, so the program flow is 
through the subroutine as shown. The last instruction in subroutine B is the RTS 
instruction. At this point, the MPU pulls the return address (C006,,) from the top 


of the stack and places it in the program counter. This causcs the MPU to jump 
back to the instruction at address COQ06,, in subroutine A. 


The remainder of subroutine A is then executed down to the RTS instruction. 
This instruction causes the MPU to pull the next address (008A, ,) from the stack 


and place it in the program counter. Notice that this sends the MPU back to the 
main program. 


For simplicity, a single Icvel of subroutine nesting is shown in this example. 
However, in practice, many Ievels of nesting may be used. For example, sub- 
routine B could call subroutine C; etc. Any level of nesting can be used as long 
as cnough memory is sct aside for the stack. Remember, each return address 
requires two bytes in the stack. 


Branch to Subroutine (BSR) Instruction 


Quite often, the subroutine we wish to call is within the -128,, to +127,, byte 


range of the relative address. When it is, we can save one byte by using the 
Branch to Subroutine (BSR) instruction. The execution of BSR is identical to 
that of JSR except that relative addressing is uscd. The old program count is 
saved in the stack before the branch occurs. Thus, the RTS instruction at the end 
of the subroutine will cause the old program count to be restored. 
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Summary of Subroutine Instructions 


Figure 6-11 shows the four instructions discussed in this section. Notice that the 
BSR instruction uses relative addressing. The JMP and JSR instructions can use 
either indexed or extended addressing. The RTS instruction uses inherent ad- 
dressing since its address is pulled from the top of the stack. 


Find these instructions in your Programming Reference Guide. The opcrations 
performed by these instructions are illustrated under "Special Operations" in the 
guide. Also, Appendix A of this course gives a concise description of the opcra- 
tions performed by each of these instructions. 


[RELATIVE] INDEX | EXIND | INHER 


JUMP AND BRANCH 
OPERATIONS 


Branch To Subroutine 
Jump JMP 
Jump To Subroutine JSR 
Return From Subroutine 


Figure 6-11 


Subroutine and jump instructions. 
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Self-Test Review 


11. What is a subroutine? 
12. What addressing modes can the JMP instruction use? 
13. How does the JMP instruction differ from the BRA instruction? 


14. How does the execution of the JSR instruction differ from that of the JMP 
instruction? 


15. Why is the program count saved when the JSR or BSR instructions are 
executed? 


16. Where is the program count saved? 
17. How is the stack pointer affected by the JSR instruction? 


18. Generally, the last instruction in the subroutine will be a 
instruction. 


19. What is a nested subroutine? 


20. How is the stack pointer affected by the RTS instruction? 
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Answers 

11. A subroutine is a group of instructions that performs some specific, lim- 
ited task that is used more than once by the main program. 

12. Indexed and extended. 

13. Since the BRA instruction uses relative addressing, it can branch only in a 
-128,, to +127,,. byte range. The JMP instruction uses indexed or ex- 
tended addressing. Therefore, it can jump to any point in memory. 

14. When the JSR instruction is executed, the program count is saved in the 
stack. 

15. The program count is saved so that when the subroutine is finished, the 
MPU can returm to the point it left off. 

16. The program count is pushed into the top two locations of the stack. 

17. The stack pointer is automatically decremented twice as the program 
count is pushed onto the stack. 

18. Return from Subroutine (RTS). 

19. When subroutine A calls subroutine B, subroutine B is said to be nested. 

20. The stack pointer is automatically incremented twice as the old program 


count is pulled from the stack. 
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UNIT 6 SUMMARY 


l. A 16-bit double width accumulator called the D-accumulator, or ACCD, is 
formed by connecting or concatenating the two 8-bit single accumulators 
A and B together. 


Be The 68HC11 instruction set has thirteen instructions specifically for 
manipulating the contents of the D-accumulator. 


L% Arithmetic operations such as addition, subtraction, multiplication, and 
fractional and integer divisions may be performed with single instructions 
using the double accumulator. 


4. Arithmetic and logical shift (right and Icft) operations may be performed 
with single instructions on 16-bit data using accumulator D (ACCD). 


a Compare, load, and store register operations on the D-accumulator may be 
performed using single instructions such as CPD, LDD, and STD. 


6. A subroutine is a group of instructions that perform some limited but fre- 
quently required task in a computer program. 


7. The three main subroutine instructions discussed in this unit were the 
Jump to Subroutine or JSR instruction, the Branch to Subroutine or BSR 
Instruction, and the Return from Subroutine or RTS instruction. 


8. The jump (JMP) instruction is similar to the branch always (BRA) instruc- 
tion, however, JMP can usc cither the extended or indexed mode of ad- 
dressing whereas BRA may be used with the relative addressing mode 
only. 


, Jumping to a subroutine using the Jump to Subroutine or JSR instruction 
is sometimes referred to as "calling" a subroutine. 


10. The jump instruction docs not tell the MPU to save a return address. 


11. The Jump to Subroutine or JSR instruction tells the MPU to save the ad- 
dress of the next sequential instruction in the stack before it loads the Pro- 
gram Counter with the address of the subroutine. 


12. The Return from Subroutine or RTS instruction tells the MPU to pull the 
address located at the top of the stack, place it in the Program Counter, 
and execute the instruction found at that address. 


13. Subroutine nesting occurs when a called subroutine calls anothcr 
subroutine. 
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14. 


15. 


Different levels of subroutine nesting are possible with a program some- 
times containing many levels of nested subroutines. 


A Branch to Subroutine or BSR instruction is the same as a jump to sub- 
routine (JSR) instruction except that a single-byte relative address is used 
instead of an indexed or extended address. 


Unit 7 


INPUT/OUTPUT AND 
INTERRUPT OPERATIONS 
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INPUT/OUTPUT AND 
INTERRUPT OPERATIONS 


INTRODUCTION 


At this point you may be familiar with the terms input and output, as used in 
connection with computer operations. In the simplest sense, the input/output of 
any computer, including the 68HC11-based trainer that we are concerned with in 
this course, consists of one, and only one, thing: data. That is, the binary infor- 
mation directly understood by the microprocessor unit. 


Input/output, or I/O as it is often called, consists of the binary data written to, or 
read from, the computer. When the data is written to the computer it is called 
input; when the data is read from the computer it is called output. In general, this 
data may consist of purely numerical information to be processed, opcode in- 
structions to be executed, output information to peripheral devices such as 
printers, CRT screens, disk drives, etc., or any other form of binary information 
that can be interpreted by the computer, or exchanged with a device outside of 
the computer. The process of connecting "outside-world" I/O devices to the 
microprocessor is called microprocessor interfacing. Although a full explanation 
of microprocessor interfacing and I/O opcrations is beyond the scope of this 
course (but is treated thoroughly in the 8-Bit Microprocessor Interfacing and 
Applications course by Heathkit/Zenith Educational Systems), a brief introduc- 
tion to these topics is necessary here. 


Somewhat related to the input/output operations of a computer system, and also 
discussed in this unit, is the topic of microprocessor interrupts. These can be 
either hardware signals, or software instructions. As implied by their name, in- 
terrupts provide a means to delay, or temporarily stop, the program execution of 
a microprocessor. These interrupts can be put to good use in microprocessor 
programming. In addition to the fundamentals of I/O operations, you will Icarn 
about microprocessor rescts and intcrrupts in this unit. 
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UNIT OBJECTIVES 


When you have completed this unit, you will be able to: 


1. Define input/output or I/O as it applies to microprocessors and computers. 

2. State the two main methods of I/O operations in microprocessors. 

3 Describe the difference between accumulator and memory-mapped I/O 
operations. 

4. Give a brief definition of the phrase "microprocessor interface." 

3. Outline, in simple block diagram form, the main elements of a microcom- 


puter I/O interface. 
6. Describe a simplified microprocessor interface output circuit. 
fe Describe a simplified microprocessor interface input circuit. 
8. Explain briefly what is meant by I/O programming. 
a. Give an example of an I/O program for a microprocessor. 
10. Define the term: interrupt, as it applies to microprocessor programming. 


11. Outline the memory allocations in a typical microcomputer system. In- 
clude RAM, ROM, EPROM, EEPROM, and I/O. 


12. Describe the basic operation of the resets and interrupts: 
RESET, XIRQ, IRQ, SWI, WAI, STOP. 


13. Name the four types of 68HC11 resets. 


14. Calculate the Reset Delay Time (Tp,) for the 68HC11 MPU, given the 
crystal oscillator frequency (fy-+-,4,) or the E-Clock frequency (fe¢,). 


15. Describe what is meant by a Non-Maskable Interrupt. 
16. Give a brief description of the Illegal Opcode Trap interrupt. 
17. Explain the Interrupt Processing Priority of the 68HC11 MPU. 


18. Determine which interrupt will be processed first in the event of simul- 
taneous interrupt requests. 
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INPUT — OUTPUT (I/O) OPERATIONS 


To be useful, a microprocessor system must accept data from the outside world, 
process it in some way, and present results to the outside world. The input device 
may be nothing more than a group of switches while the output device can be as 
simple as a bank of indicator lamps. On the other hand, a single microprocessor 
might handle several teletypewriters, printers, papertape machines, etc. The point 
is that the I/O requirements can vary greatly from one application to the next. 
This section will be concerned with the simplest form of I/O operations. 


In the short history of microprocessors, two distinctly different methods have 
been developed for handling I/O operations. In some microprocessors, I/O opera- 
tions are handled by I/O instructions. These microprocessors generally have one 
input instruction and one output instruction. When the input instruction is ex- 
ecuted, a byte is transferred from the selected I/O device to a register in the 
MPU. Because the register involved is usually the accumulator, this method of 
I/O operation is referred to as accumulator I/O. The I/O device is selected by 
sending out a device selection byte on the address bus. By using an 8-bit byte for 
device selection, the MPU can specify up to 256,, different I/O devices. Of 


course, few microprocessor systems use that many devices, but the capability is 
there. The output instruction causes a data transfer from the accumulator to the 
selected I/O device. While this method of handling I/O operations is used in 
many microprocessors, the 68HC11 MPU uses a different technique. 


The other method for handling I/O operations is to treat all I/O transfers as mem- 
ory transfers. This method, referred to as memory-mapped I/O, is used by the 
68HC11 MPU and many other microprocessors. It should be noted that MPUs 
able to perform accumulator I/O, can also perform memory-mapped I/O 
operations. 


The 68HC11 MPU has no I/O instructions. An I/O device is assigned an address 


and is treated as a memory location. For example, assume that an input keyboard 
has been assigned an address of 8000,,. We can input data into accumulator A 


by using the instruction: 


LDAA 8000,, 


By the same token, an output display may have been assigned the address 
9000,,. In this case, we can output from accumulator B by using the instruction: 


STAB 9000, q. 


Input/Output and Interrupt Operations [- ri 


As you can see, the I/O device is treated as a memory location. The system block 
diagram shown in Figure 7-1 shows how an I/O device is connected to the 
microcomputer. Notice that both the data bus and the address bus connect to the 
I/O interface. The interface typically consists of an address decoder, an output or 
input latch, and buffers or drivers. 


MICRO 
PROCESSING 
UNIT 

(MPU) 


ADDRESS 
BUS, 


Figure 7-1 
Adding I/O to the es 
microcomputer. 


The address decoder monitors the address bus and enables the interface circuitry 
for a particular device only when its proper address is detected. This prevents a 
particular I/O device from interfering when data is being transferred between 
memory and the MPU. The address decoder also prevents different I/O devices 
from interfering with each other. 


The I/O interface will generally have an output latch if it is to be used for an 
Output operation. The reason for this is that the data from the MPU will appear 
on the data lines for only an instant (usually Iess than one microsecond). By stor- 
ing the output data in a latch, the I/O device is given a much longer period of 
time to examine and respond to the data. 


Buffers or drivers are also included in the I/O interface. These are frequently 
necessary when several different circuits are sharing the same bus. The buffers 
provide isolation between the I/O device and MPU bus. 
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Output Operations 


Figure 7-2 shows a simplified output circuit. Here, the output device is a bank of 
eight light emitting diodes (LEDs). Enough detail is shown to illustrate how an 
Output Operation can be performed. The address decoder monitors the address 
bus, looking for the address 9000,,. It also monitors some of the control lines 


that connect to the MPU. One of those lines is called a read-write (R/W) line 


(pin). The R/W pin on the 68HC11 MPU goes to its low state when a write (out- 
put) operation is initiated by the MPU. 


Do 


OUTPUT 
DATA 
LATCH 
AND 
DRIVERS 


8-BIT 
DATA 
FROM MPU 


D7 LED7 


Ao 


16-BIT 
ADDRESS 
FROM MPU 

ADDRESS 

DECODER 

(9000146) ; 

5 Figure 7-2 
15 — os 
OUTPUT Simplified output circuit. 

acwrani. INTERFACE 
SIGNALS 
FROM MPU 


Notice that the output of the address decoder is used to enable the output data 
latch and drivers. When these are enabled, the byte on the data lines is stored in 
the latch. The data bits stored in the latch cause the appropriate LEDs to light up. 
By outputting appropriate bit patterns, the MPU can cause different binary num- 
bers to be displayed. 


Notice that the address decoder (and therefore the display) is given the address 
9000, ,. We can output data to the display in several different ways. For example, 
we can load the appropriate pattern to be displayed into accumulator A. Then by 
executing a “store accumulator A" extended instruction, we can transfer the con- 
tents of the accumulator to the display. The instruction would be: STAA 9000, «. 


Or, we could output data from accumulator B by using the instruction: STAB 
9000 | ¢.- 
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In either case, the address 9000,, goes out on the address bus for a brief interval 


of time. The address decoder recognizes this address. At the same time, the con- 
trol lines indicate that an output operation is called for. In particular, the read- 
write line goes low. This causes the address decoder to enable the output data 
latch for an instant. Simultaneously, the 8-bit data byte appears on the data bus. 
The output latch stores the data byte. The data appears at the input of the latch 
for less than a microsecond (typically). However, once the data is stored, it ap- 
pears at the output of the latch until new data is written in. Thus, the output data 
will be displayed until the next byte of data is outputted by the MPU. 


Sol 
Do 
DATA BUS 
TO MPU INVERTING| | 
BUFFERS +4 — 
D7 ARS 
ENABLE 
Ao 
O+V 
ADDRESS 
BUS 
° | ADDRESS 
e | DECODER 
e | (800046) 
e 
A145 
Figure 7-3 
CONTROL Simplified input circuit. 
LINES 


Input Operations 


Figure 7-3 shows a simplified input circuit. Here, the input device is a bank of 
eight switches. When a switch is open, its respective input line to the buffer is 
held high by the pull-up resistors. However, when a switch is closed, its respec- 
tive input line is pulled low because the switch connects it to ground. 


In this simple circuit, no latch is required between the switches and the data bus. 
However, a buffer is used so that the switch bank can be effectively disconnected 
from the data bus when the switches are not being addressed. 


As with the output circuit, an address decoder monitors the address and control 
lines. Notice that the assigned address is 8000,,. To input data from the switch 


bank to accumulator A, we use the instruction: LDAA 8000 | ¢. Or, we could in- 
put the data to accumulator B by using the instruction: LDAB 8000, «. 
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In either case, the address 8000,, is placed on the address line. The address 


decoder recognizes this address and enables the buffer. For a brief interval 
(typically less than one microsecond), the lines of the data bus assume the same 
State as the lines on the right (input) side of the buffer. If no switch is depressed, 
all data lines will be high and all 1’s (FF,,) will be loaded into the accumulator. 


However, if one of the switches (Sp, for example) is depressed, its respective 
data line (Dj) will be low. In this case, the number read into the accumulator will 
be FE,,. By examining the byte that is read in, the MPU can determine which 
Switch is depressed. 


Input — Output Programming 


You now know enough about simple input/output circuits to perform some I/O 
operations. Refer to Figures 7-2 and 7-3. For the first example, assume that you 
would like one of the LEDs to light when the corresponding switch is pushed. 
That is, LED, should light when Sp) is pushed; LED, should light when S, is 


pushed, etc. 


If you refer to Figure 7-2, you will see that an LED is caused to light by placing 
a 0 in the proper bit in the latch. For example, a 0 in bit O will cause LED, to be 


forward biased. Thus, the diode will conduct and emit light. Notice that a 1 at bit 
O will not allow the diode to conduct and emit light. Consequently, a O turns the 
LED on and a 1 turns it off. 


Refer to Figure 7-3, and you will find that, when one of the switches is closed, 
its corresponding line goes to 0. If the switch is not closed, its corresponding line 
is at 1. 


If we load data into one of the accumulators from address 8000,, and then store 
the data at address 9000,,, the switches will appear to control the LED’s. The 
program could look like this: 
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If Sp, and only So, is closed when the LDAA 8000 instruction is executed, 
11111110, will be loaded into accumulator A. The next instruction stores this 
data byte in the output latch. This causes LEDp, and only LEDs, to light. The 


BRA instruction holds the MPU in a tight loop. Try a few examples and venfy 
that each time a switch is closed, the corresponding LED will light. If the 
Switches are set to some 8-bit binary number, the LED’s will display that 8-bit 
number. 


Now, suppose we change our mind and decide that the LEDs should display the 
one’s complement of the binary number set on the switches. We do not have to 
touch the hardware. Instead, we just change the program. The new program 
might look like this: 


Notice that we have simply inserted the one’s complement instruction between 
the input and output operations. 


As another example, suppose we wish to display a number that is four times 
greater than the number sct on the switches. Our program could be changed to 
this: 


Once again, no hardware change is necded. We simply insert two ASLA instruc- 
tions between the input and output opcrations. 
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Although these examples are very simple, they illustrate the flexibility of this I/O 
arrangement. Data is pulled from the input device as if it were being pulled from 
memory. Once in the MPU, the data byte can be modified in any way we like. 
The data can then be transferred to the output device as if it were being stored in 
memory. While the data is in the MPU, it can be modified in any number of 
ways. The input byte can be shifted left or right. It can be added to — or sub- 
tracted from — another number. It can be ANDed or ORed with another byte. 
The possibilities are endless and yet none of these involve a hardware change. 
All data manipulations can be accomplished by the program. 


Program Control of I/O Operations 


In the preceding examples, all I/O transfers are controlled by the program and 
the program alone. The program is in a tight loop that inputs data from the 
Switches, modifies the data (if required), and outputs the data to the displays. 


When this arrangement is used, the MPU never knows if the data at that input 
has changed. It simply reads in the data a number of times each second. By the 
same token, the MPU outputs the data over and over again. This system works 
well for simple I/O operations. However, as the I/O requirements become more 
sophisticated, this technique becomes cumbersome. 


The program must be in a loop if it is to repeatedly check for inputs and refresh 
the output. As the number of data manipulations increase, the loop becomes 
longer and the MPU must check the inputs less frequently. When several I/O 
devices are used, it must check each input and refresh each output repeatedly. If 
the loop becomes too long, the MPU may miss a momentary switch closure. This 
may be acceptable in some applications but in many others it may be intolcrable. 
Obviously then, a more sophisticated method of handling I/O opcrations must be 
available to the microcomputer. 


Interrupt Control of I/O Operations 


A more effective way of handling I/O operations involves a concept called inter- 
rupts. Interrupts are a means by which an I/O device can notify the MPU that it 
is ready to send input data or to accept output data. Gencrally, when an interrupt 
occurs, the MPU suspends its current operation and takes care of the interrupt. 
That is, it might read in or write out a byte of data. After it has taken care of the 
interrupt, the MPU returns to its orginal task and takes up where it Icft off. 
Microprocessor interrupts may be cither hardware, or software interrupts. Whilc 
most I/O opcrations gencrally use hardware interrupts, the SWI instruction of the 
68HC11 can be used to generate a software interrupt. These will be explained 
further, later. 
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An analogy may help you to visualize an interrupt operation. Compare the MPU 
to the president of a corporation who is writing a report. The interrupt can be 
compared to a telephone call. The president’s main task is the report. However, 
if the telephone rings (an interrupt) he finishes writing the present word or sen- 
tence then answers the phone call. After he has attended to the phone call, he 
returns to the report and takes up where he left off. In this analogy, the ringing of 
the telephone notifies the president of the interrupt request. 


This analogy shows the difficulty of the program controlled I/O technique dis- 
cussed earlier. If we remove the interrupt request (the ringing of the phone), we 
are left with an almost comical situation. The president writes a few words of the 
report. He then picks up the phone to see if anyone is on the other end. If not he 
hangs up the phone, writes a few more words, and checks the phone again. 
Clearly, this technique wastes an important resource —— the president’s time. 
This simple analogy shows the importance of an interrupt capability. Without it, 
a great deal of the MPU’s time can be wasted doing routine operations. 


Because of the 68HC11’s extensive on-chip I/O hardware features (e.g. timer, 
serial communications and peripheral interfaces, etc.), a total of twenty-two dis- 
tinct interrupts are possible. These include seventeen hardware, one software, 
and four reset interrupts. Most of these (15) are associated with the internal inter- 
face hardware mentioned. That is, when an I/O operation occurs it is generally 
accompanied with its own special hardware interrupt. These interrupts work, as 
described above, to alert the microprocessor of another activity, namely I/O. 
Such interrupts; more appropriately covered in a microprocessor interfacing and 
applications course, will not be discussed further here. The next section will 
examine five different types of 68HC11 interrupts along with several special 
purpose interrupts. 
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Self-Test Review 

L, What are the two methods by which microprocessors handle I/O 
operations? 

he Which method does the 68HC11 MPU use? 

a Name three circuits typically found in a microcomputer interface. 

4. Why is a latch circuit required in a microcomputer output interface? 

5. Which instruction can be used for transferring data from an I/O device to 
accumulator A? 

6. Which instruction can be used for transferring data from accumulator B to 
an I/O device? 

a Write a program segment that will: read in data from the switch bank 
shown in Figure 7-3; double the number; and display the result on the 
LED bank shown in Figure 7-2. 

8. What is meant by program control of an I/O operation? 

9, What is meant by interrupt control of an I/O operation? 

10. How many distinct hardware and software interrupts are possible with the 


68HC11 MPU? 
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Answers 
1. Some microprocessors use accumulator I/O; others use memory-mapped 
l/O. 


2. The 68HC11 MPU treats I/O as memory. 


a An address decoder, latch, and buffer circuit are typically contained in a 
microcomputer interface. 


4. A microcomputer output interface gencrally requires a latch circuit to give 
the output device sufficient time to respond to the rapidly changing data 
on the MPU data bus. 


S. LDAA 
6. STAB 
eA One solution is: 
LDAA 
80 
00 
ASLA 
STAA 
90 
00 
8. Using this method, the program regularly reads in or writes out data. All 


I/O operations are controlled by the program. 


2. Using this method, the I/O device itself signals the MPU that it is ready to 
transmit or receive data. The I/O operations are controlled largely by the 
I/O device itself. 


10. The MC68HC11A8 MPU has seventeen hardware, one software, and four 
RESET interrupts, for a total of twenty two. 
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RESETS AND INTERRUPTS 


Interrupts were introduced in the previous section in connection with I/O opera- 
tions. While I/O operations use part of the interrupt capability of the MPU, inter- 
rupts are also used in other ways. Five different types of 683HC11 resets and in- 
terrupts will be considered: 


Reset 
Pseudo Non-Maskable Interrupt (XIRQ) 
Interrupt Request (IRQ) 
Software Interrupt (SWI) 
Illegal Opcode Trap 


This section will examine each of these interrupts in detail. 


Reset 


In a typical application, the microcomputer has a control or monitor program in a 
read-only-memory (ROM). Also, a random access read-write memory (RAM) is 
used for holding input data, intermediate answers, output data, etc. As we have 
seen, the 68HC11 MPU has the capability of addressing up to 65,536,, memory 
locations. Most microprocessor applications do not require this much memory. 
In many applications, the control program requires less than twenty percent of 
the possible locations. The RAM can use less than ten percent. Generally, the 
monitor program is placed at the high memory addresses. The RAM is usually 
given the low memory addresses so that the direct addressing mode can be used. 
The I/O devices are given intermediate addresses. Thus, the memory addresses 
may be allocated as shown in Figure 7-4*. 


0000 28K BYTES O16 
RAM 
7000, ¢ 28,672, 


16K BYTES 

PROGRAM 

CARTRIDGE 
(EPROM, E PROM, 


ETC.) 
Z 


BooOo 16 45,056, , 


C000, . 49,1525 
16K BYTES 
ROM 
FFFFy, 65,535, 


Figure 7-4 


Example of memory allocations in a microcomputer system. 


* NOTE — Figure 7-4 is actually a highly simplified "memory-map" of the ETW-3800 Microprocessor 
Trainer used with the Workbook experiments. For a detailed, memory-map, please see the 


ETW-3800 User’s Manual (595-4170), Heathkit/Zenith Educational Systems. 
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Notice that the control or monitor program is placed in a ROM at the very top of 
memory. In this example, a 16K byte ROM is used. The addresses of the ROM 
are COQ00,, through FFFF,,. The RAM is placed at the low end of memory. Ad- 


dresses 0000,, through 6FFF,, are used. In addition to ROM and RAM, notice 
that memory locations 7000,, through AFFF,, can be used to address a program 


cartridge. This cartridge can contain user generated and stored programs on an 
Electrically Erasable, Programmable, Read-Only-Memory or EEPROM (or "E- 
squared PROM"). In addition to this, or as an alternative, these memory loca- 
tions could be used to address an Erasable, Programmable, ROM containing 
system firmware. In either case the devices occupying these memory locations 
are addressed through I/O interfaces containing latches, decoder-drivers, etc. as 
mentioned. 


The monitor program stored in the ROM, controls all the activities of the MPU. 
At all times, the entire system is being run by this program. In this example, 
when the microprocessor is initially turned on, it should start executing instruc- 
tions at address CO00,,. Also, we should be able to restart the program at this 
address at any time. In order to accomplish this, the 68HC11 MPU has a built-in 
reset capability 


The 68HC11 MPU has a signal line or control pin that is called RESET. This pin 
or line is connected to a reset switch of some kind. If this line goes low for a 
prescribed period of time (to be explained later) and then swings high, the MPU 
will initiate a reset interrupt sequence (also called interrupt service routine). The 
main purpose of the reset interrupt sequence is to load the address of the first 
instruction to be executed into the program counter. This would be easy to ac- 
complish if, in every application, the starting address were the same. However, 
the starting address differs from one application to the next. Therefore, a conven- 
lent means is provided to allow the designer to specify any starting address. 


An interrupt vector is simply an address that is loaded into the program counter 
when an interrupt occurs. It tells the MPU where to begin executing a special 
program called an interrupt service routine, to handle the interrupt. 
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The 68HC11 MPU was designed with the top 64 ROM addresses reserved spe- 
cifically for interrupt vectors. For our purposes, we are concerned mainly with 
the interrupt vectors contained in the upper 16 bytes of ROM. Because each vec- 
tor address requires two bytes (high and low) to specify all possible memory 
locations, these 16 bytes contain the 16-bit addresses of 8 interrupt vectors as 
shown in Figure 7-5. 


Notice that addresses FFFE | and FFFF | ¢ contain the RESET vector. That is , 


these two memory locations contain the address of the first instruction to be exe- 
cuted when the computer is initially started or reset. In our previous example of 
memory allocations (Figure 7-4), the first instruction in the monitor program is 
located at address CO00,,. Consequently, this is our reset vector (address). Loca- 


tion FFFE,, contains the high byte of the address (CO,,), and FFFF,, contains 
the low byte of the address (00,,). 


Remember locations FFFE,, and FFFF,,¢ are in the read-only-memory. There- 


fore, the designer must provide the proper reset vector at the time he is writing 
the monitor program. 


Condition Code 


Address Interrupt Vector Register Mask 
i 8 
= 8 
‘8 xe 
i None 
re Hone 
None 
si None 
A ie RESET (low byte) bile 


Figure 7-5 


Interrupt vector assignments 
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Figure 7-6 shows the sequence of events that occurs when the MPU is reset. 
First, the interrupt (1) mask bit is set. You will recall that the I flag is one of the 
condition code registers. As you will see later, if this flag is set, it prevents one 
of the other interrupts from occurring. Thus, the MPU sets the interrupt mask bit 
so that the reset sequence will not be interrupted by a request for interrupt by one 
of the I/O devices. 


RESET 
Set Interrupt 
Mask Bit (I) 


Load high byte 
of PC with 
contents of 

FFFE,, 


Figure 7-6 


Reset interrupt sequence. 


Load lower byte 


of PC with Reset 
contents of Interrupt 
FFFF i, Sequence 
Start normal Normal 
Fetch-Execute MPU 
Cycle Cycle 


Second, the contents of location FFFE,, are loaded into the high byte of the pro- 
gram counter. This is done by sending the address FFFE,, out on the address 


bus. The memory location is read out and its contents are placed on the data bus. 
The MPU picks up this byte and places it in the upper eight bits of the program 
counter. In our example, the byte in location FFFE,¢ is CO,¢. 


Next, the contents of location FFFF,, are loaded into the lower eight bits of the 
program counter. This is done by setting the address bus to FFFF,,. Thus, the 


contents of the highest memory location are placed on the data bus. In our ex- 
ample, this byte is 00,,¢. At this point, the program counter contains the address 


of the first instruction which is C000, «. 


The reset sequence is then terminated by switching the MPU to its normal fetch- 
execute machine cycle. Thus, the instruction at address CO00,,¢ is fetched and 


executed. From this point on, all MPU activities are controlled by the program. 
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A reset switch, connected to the external RESET pin on the MPU, will generally 
be included somewhere in a microcomputer system. This will allow the operator 
to restart the system if it locks-up or runs away for some reason. Including this 
type of reset, the 68HC11 MPU has a total of four different types of resets: 


1. Anextemal RESET pin, 
. A power-on reset signal, 
3. A Computer Operating Properly (COP) 
watchdog timer reset, and 
4. Aclock monitor reset. 


The power-on reset occurs when a positive transition is detected on the MPU 
power supply pin, Vpp. This resct is used at power turm-on as an automatic 


means of orderly system start-up. The power-on circuitry provides a 4064 cycle 
time delay from the time of the first oscillator operation. The actual reset time at 
power-up for any given microcomputer system is dependent on the frequency of 
the microprocessor’s E-clock output. The time of the power-on reset delay may 
be calculated as follows. 


Tpp=4064(1/fecx) (7.1) 


Where:  Tpp is Time of Reset Delay in milliseconds (ms), and 
feck is the frequency of the 68HC11 clock output in megahertz. 


However, because 
fy raL=4feck (7.2) 


where: fyraz is the frequency of the crystal oscillator (feeding pins 7 and 8 
of the 68HC11 MPU) in megahertz (MHz). 


equation 7.1 may be stated 


Tpp=16256[(I/fy-ra)] (7.3) 


For example, to calculate the reset delay for a 68HC11 MPU with a f,.,,, of 4 
MHz, 


T p= 16256 x [1/(4 x 10°)] = 4ms. 


These equations are uscful for calculating the power-on reset delay time for a 
68HC11 based system given either the fy;,, OF fac, frequency in megahertz. 


The Computer Opcrating Properly or COP resct helps protect against program or 
software failures. By using a special internal timer called a watchdog timer, the 
COP reset system monitors the proper operation of the MPU and initiates a vec- 
tored resect sequence when a program failure is encountered. This reset may be 
disabled completely using COP function control bits. 
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The fourth type of system reset, available on the 68HC11, is called the Clock 
Monitor Reset or CMR. As implied by its name, a CMR occurs if the MPU sys- 
tem clock fails to operate properly. The CMR function is enabled by a control bit 
in the MPU OPTION register. When this bit is clear, the CMR function is 
disabled. When the bit is set the clock monitor function will initiate a vectored 
system reset if the E-Clock frequency (mentioned) falls below a minimum rate 
(about 10 KHz). This reset signal is also present on the MPU RESET pin and 
available externally. 


These four resets can be considered interrupts. This is because, when a reset 
occurs, the MPU leaves whatever it is doing and jumps off to the a new vectored 
location to begin program execution. In most cases the monitor program would 
Start with a short subroutine to initialize the system. This subroutine serves to set 
the stack pointer, initialize displays, etc. The 68HC11 has several other types of 
interrupts. These will be described in the following sections. 


Non-Maskable Interrupts 


At this point a distinction should be made between maskable and non-maskable 
interrupts. A maskable interrupt is one that the MPU can ignore under certain 
conditions. Whereas, a non-maskable interrupt cannot be ignored. To illustrate 
the difference, recall the corporation president analogy. 


The president’s report writing can be interrupted by the telephone. However, by 
telling the secretary to hold all calls, the president has effectively masked one 
source of interruptions. In this analogy it is impractical to mask all interrupts. 
For example, it could be counterproductive to mask the fire alarm. 


Somewhat the same situation can exist in a microprocessor controlled system. 
Some interrupts can be ignored for a few seconds while the MPU is performing a 
more important task. This type of interrupt can be masked. Others must not be 
ignored at all. These cannot be masked. Of course, it is up to the designer to 
decide which interrupts can be masked and which cannot. the 68HC11 MPU has 
provisions for handling both types. How the MPU handles the non-maskable 
type will be discussed first. 
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The 68HC11 integrated circuit (IC) package has a control line called the non- 
maskable interrupt line. This line is brought out to pin 18 on the 52-lead quad 


package version of the IC. Labeled the XIRQ interrupt line, this input provides a 
means for requesting a non-maskable interrupt, after reset initialization. During 
reset, the X-bit of the condition code register is set and any interrupt (including 


XIRQ) is masked until software enables it using a TAP, or Transfer from Ac- 
cumulator A to Condition Code Register, instruction. After a reset when the X 


(CCR) bit is cleared the XIRQ interrupt becomes effectively a non-maskable 


interrupt. This means that, in terms of interrupt priority logic, XIRQ has a higher 
priority than any interrupt source that is maskable by the I (CCR) bit. After being 


enabled, XIRQ cannot be masked by software; however it is masked during reset 


(as mentioned) and upon receipt of an interrupt on the XIRQ pin. XIRQ is some- 
times referred to as a "pseudo non-maskable interrupt" line. 


The XIRQ input is level sensitive and requires an external pull-up resistor to 
Vpp: After being enabled a high-to-low transition on this line forces the MPU to 


initiate a non-maskable interrupt sequence. The purpose of this sequence is to 
provide an orderly means by which the MPU can jump off to a service routine 
that will take care of the interrupt. 


This becomes somewhat involved because the MPU must be able to go back to 
its main program after the interrupt service routine is finished. It must be able to 
pick up exactly where it left off. Furthermore, all registers must hold exactly the 
same data and addresses that they held when the interrupt occurred. In other 
words, when an interrupt occurs, the program count must be saved so that the 
MPU can later return to this point in the program. Also, the contents of the ac- 
cumulators, index registers, and even the condition code registers must be saved 
so that the MPU can be restored to the exact condition that existed at the instant 
the interrupt occurred. 


The 68HC11 MPU accomplishes this by pushing all the pertinent data onto the 
stack. Then after the interrupt has been serviced, the MPU returns to its previous 
status by pulling the data from the stack. 


The non-maskable interrupt sequence is shown in Figure 7-7. A non-maskable 


interrupt is initiated when the XIRQ line goes from its high state to its low state. 
The MPU finishes the execution of the current instruction. However, before an- 
other instruction is fetched, the MPU pushes the contents of its registers onto the 
stack. Recall that the stack pointer always points to the top of the stack. For this 
example, assume that the stack pointer always points to the top of the stack. For 
this example, assume that the stack pointer was set by an earlier instruction to 
address OO6A ,¢. 
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Current Stack Pointer 


ne 
Ee 


Instruction (006046) SP-9 after interrupt 
finished SP-8| Condition Codes 
? SP-7 Accumulator (high) 
ves sP-6 
SP-5 X-Index Reg. (high) 
Push registers SP-4] X-Index Reg. (low) 
onto stack sp-3] Y-Index Reg. (high) 
at OG SP-2 Y-Index Reg. (low) 
shown | 
SP-1 Program Counter (high) 


Stack Pointer 


(O06A,,) SP before interrupt 


Program Counter (low) 


Set interrupt 
mask bit 


(!) 


Load upper byte 
of PC with 
contents of 

FFF446 


Load lower byte 
of PC with 
contents of 

FFF 546 Interrupt 


f Non-maskable 
Sequence 


Normal 
MPU 
Start normal Cycle 
fetch-execute 
cycle 
Figure 7-7 


Non-maskable interrupt (XIRQ) sequence. 


The MPU pushes the lower eight bits of the program countcr into memory loca- 
tion 006A,,. Then it decrements the stack pointer so that the upper eight bits of 
the program counter are pushed into address 0069,,. Next, the contents of the 
Y-index register are pushed into addresses 0068,, and 0067,,. Then the contents 
of the X-index register are pushed into addresses 0066,, and 0065,,. The con- 


tents of accumulators A and B and the condition codes are also into locations 
0064, and 0063), as shown. When all this has been done, the stack pointer will 
have been decremented nine times to 0060, «. 


Return to the flow chart and notice that the next step is to set the interrupt mask 


bit. This allows the MPU to ignore any interrupt requests that occur while the 
non-maskable interrupt is being serviced. 


I-20 
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At this point, the MPU is ready to jump to the interrupt service routine. But, 
what is the address of this routine? Recall the interrupt vector chart that was 
shown earlier in Figure 7-5. The non-maskable interrupt vector (XIRQ) is at 
addresses FFF4,, and FFF5,,. Thus, the upper byte of the program counter is 


loaded from FFF4,, while the lower byte is loaded from FFF5,,. This directs the 
MPU to the first instruction in the XIRQ service routine. From this point on, the 


MPU returns to its normal fetch-execute cycle until the service routine is 
finished. 


The sequence of events shown in Figure 7-7 happen automatically when a XIRQ 


non-maskable interrupt sequence is initiated. The XIRQ line gives external hard- 
ware a method of forcing a jump-to-subroutine to occur. In this case, the sub- 
routine is a short program that performs some action to take care of the interrupt 
(i.e. an interrupt service routine). 


Return From Interrupt (RTD Instruction 


The non-maskable interrupt is used when some situation exists that cannot be 
ignored. You can probably visualize applications that would require such a 
capability. For example, assume that a microprocessor is being used in a numeri- 
cally controlled drill press. The non-maskable interrupt could be used in con- 
junction with limit switches to prevent drilling holes in the work surface. Or, it 
could be used to shut down the machine if someone’s hand got too close. 


The purpose of the service routine is to direct the operation of the computer to 
take care of the interrupt. Typically, it would first determine which external de- 
vice initiated the interrupt. Then it would determine the nature of the interrupt. 
Finally, it would take whatever action was necessary to take care of the interrupt. 
In many cases, the interrupt is of a routine nature and can be easily serviced. In 
these situations, the MPU should return to the main program and take up where 
it left off. There is an instruction that allows the MPU to do this. It is called the 
"Return-From-Interrupt" (RTI) instruction. Look in your Programming Refer- 
ence Guide, and you will see that this is a one-byte instruction whose opcode is 
3B,,- It is executed in the inherent addressing mode only. 
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Figure 7-8 shows how the RTI instruction is used. The main program is shown 
on the left, while the interrupt service routine is shown on the right. Assume that 
the interrupt signal occurs while the LDAB# instruction is being executed. The 
MPU finishes that one instruction and pushes all pertinent data onto the stack. It 


then jumps to an address determined by the XIRQ vector in address FFF4 and 
FFF5. The contents of these two locations determine the starting address of the 


XIRQ service routine. Notice that the last instruction in the service routine is the 
return-from-interrupt instruction. This instruction returns program control to the 
point in the main program that the MPU left when the interrupt occurred. 


This can be done because the previous status of the MPU was preserved in the 
stack. The RTI instruction causes the accumulators, the index registers, the con- 
dition code register, and the program counter to be loaded from the stack. Thus, 
the same information that went into the stack when the interrupt occurred comes 
out of the stack when the RTI instruction is executed. This allows the MPU to 
return to the main program and take up where it left off. 

ADDRESS DETERMINED 


BY XIRQ VECTOR 
IN FFF4 AND FFF5 


FD50 


PSEUDO NON-MASKABLE 
INTERRUPT (XIRQ) 
OCCURS — 


| 28 
| BEQ | 
ie Ee 


8 
64 


MAIN 
PROGRAM 


e 
2 
AD 
BR 
FE 


INTERRUPT 
SERVICE 
ROUTINE 


Figure 7-8 
The RTI instruction retums control to the main program 
after the interrupt has been serviced. 
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Interrupt Request (IRQ) 


The interrupt request is very similar to the non-maskable interrupt. The main 
difference between the two is that the interrupt request is maskable. 


The 68HC11 MPU has a control line called the interrupt request (IRQ) line. 
When this line is low, an interrupt sequence is requested. However, the MPU 
may or may not initiate the interrupt sequence depending on the state of the in- 
terrupt mask (1) bit in the condition code register. If the I bit is set, the MPU 
ignores the interrupt request. If the I bit is not set, the MPU initiates the interrupt 


sequence. This procedure is very similar to the XIRQ procedure discussed ear- 
lier. Figure 7-9 shows the interrupt procedure. 


Current 
Instruction 
finished 


Interrupt 


mask bit set 
4 


NO 
Stack Pointer 
after interrupt 


Condition Codes 


“S| X-Index Reg. (high) | 
-4[ Xcingex Reg. (low) 
-a[ Yeindex Res. (high) 
2] Yeindex Reg. (low) | 
+1 Program Counter (nish) 
(ect cage ck 


YES SP-6 


Push register 
onto stack 
in order 
shown 


Fetch and 


execute next 
instruction 


Stack Pointer 
before interrupt 


Set interrupt 


mask bit 


(!) 


Load upper byte 
of PC with 
contents of 

FFF8,,, 


Load lower byte 
of PC with 
contents of 

FFFQ,, 


Interrupt 
Request 


Sequence 
Normal 
Start normal MPU 
fetch-execute Cycle 
cycle 
Figure 7-9 


The interrupt request (IRQ) sequence. 
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When the IRQ line is low, the MPU finishes the current instruction. It then 
checks the interrupt mask bit. If I is set to 1, the MPU ignores the interrupt re- 
quest and executes the next instruction in sequence. However, if I=0, the MPU 
pushes the contents of the various registers onto the stack in the order shown. 


Next, the interrupt mask bit is set to 1. This prevents the MPU from honoring 
other interrupt requests until the present interrupt has been serviced. 


The address of the IRQ service routine is at addresses FFF8,, and FFF9,,. The 


program counter is loaded from these addresses. Thus, the next instruction to be 
executed will be the first instruction in the interrupt request service routine. 


Once in the service routine, the MPU goes into its normal fetch-execute cycle. 
When the interrupt has been serviced, control can be returned to the main pro- 
gram by an RTI instruction. 


Interrupt Mask Instructions 


The 68HC11 MPU has two instructions that allow software control of the inter- 
rupt mask bit. You have seen that the I bit in the condition code register is set 


any time an interrupt sequence is initiated. This prevents an IRQ from being 


honored while a previous IRQ or XIRQ is being serviced. This is an example of 
setting the interrupt flag with hardware. 


In many Cases, it is necessary to set the interrupt flag with software. Therefore, 
the 68HC11 MPU has an instruction that can do this. It is called the "Set- 
Interrupt-Mask" (SEI) instruction. If you refer to your Programming Reference 
Guide, you will see that this is a one-byte instruction whose opcode is OF ,,. The 


flag may be set to prevent an interruption on a part of the program that we do not 
wish to be interrupted. It has the effect of disabling interrupt requests. 


Of course, we do not wish to permanently disable the interrupt capability. There- 
fore, Some means must be provided for enabling the interrupt request capability. 
An instruction called "Clear-Interrupt-Mask" (CLI) is available for this purpose. 
This is a one-byte instruction whose opcode is OE, ¢. 


While we can disable or enable the interrupt request line with these instructions, 
they do not affect the non-maskable interrupt. As the name implies, the Pseudo 


Non-maskable Interrupt or XIRQ line cannot be disabled by the I flag. 
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Software Interrupt (SWI) Instruction 


The 68HC11 MPU has a software equivalent of an interrupt. It is an instruction 
called the "Software Interrupt" (SWI). When executed, the instruction causes the 
MPU to perform an interrupt sequence that is very similar to the hardware inter- 
rupt sequences already discussed. As shown in your Programming Reference 
Guide, this is a one-byte instruction whose opcode is 3F , ¢. 


Figure 7-10 shows the sequence of events that occurs when this instruction is 
executed. First the contents of all the pertinent registers are pushed onto the 
stack in the order shown. Next, the interrupt mask is set so that interrupt requests 
cannot interfere. Finally, the software interrupt vector is obtained from addresses 
FFFA,, and FFFB,,. This vector is loaded into the program counter so that the 


next instruction will be fetched from this address. As with the other interrupts, 
the MPU will return to the original program when a retum-from-interrupt in- 
struction is encountered. 


ee 


after interrupt 
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The software interrupt (SWI) sequence. 
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The software interrupt instruction can be used to simulate hardware interrupts. It 
is also helpful for inserting pauses in a program. For example, the ET-3800 
Microprocessor Trainer uses the software interrupt to perform the single-step 
function and to implement the breakpoint capability. 


Illegal Opcode Trap 


An attempt to execute an illegal or undefined opcode could result in several un- 
welcomed outcomes such as a program "gone off into the weeds," a locked-up 
system, etc. Regardless of what we call these effects, however, one thing is clear: 
we do not want the MPU to attempt the execution of such opcodes. 


In addition to the hardware and software interrupts already discussed, the 
68HC11 MPU has a special interrupt to detect, and guard against the use of, 
illegal operation codes. This interrupt is called an illegal opcode trap. The need 
for this type of interrupt comes from the fact that not all possible numerical com- 
binations are defined in the 68HC11 instruction set. The following is a bricf 
description of how the illegal opcode trap interrupt works to catch and avoid the 
execution of such undefined or illegal opcodes in the 68HC11. 


During the execution of a program, instructions are executed in a orderly and 
predictable manner. This assumes that all instructions in the program are valid 
instruction-set opcodes. If an illegal opcode is detected in a program, the illegal 
opcode trap requests an interrupt. This interrupt is directed to an illegal opcode 
vector location which is previously initialized. From this point on, the interrupt 
is treated just as any ordinary interrupt with a program jump to a predefined 
interrupt service sequence. 


After an illegal opcode interrupt, the stack pointer should always be reinitialized. 
This is done to avoid possible stack overruns which could be caused by the re- 
peated execution of illegal opcodes. 


Wait for Interrupt (WAI) Instruction 


When the WAT instruction is executed, the program counter is incremented by 
one. Then the contents of the program counter, index register, accumulators, and 
condition code register are pushed onto the stack. The order is exactly the same 
as if an interrupt occurs. The MPU then enters a wait state, doing nothing further 
until, and unless, an interrupt occurs. 


The MPU can be forced back into action either by an interrupt request or by a 
non-maskable interrupt. The XIRQ sequence is the same as that described earlier 
except for one important difference. Remember that the contents of the registers 
have already been pushed onto the stack. Thus, this part of the XIRQ sequence is 
omitted. This allows the MPU to respond faster to the interrupt. 
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The IRQ sequence is also the same as that described earlier except that the regis- 


ters are not pushed onto the stack again. As always, the IRQ signal is ignored if 
the interrupt mask bit is set. 


Of course, the reset signal can override the wait state. Thus, there are three ways 
of escaping the wait state. 


Stop Instruction 


As you saw earlier, the programs written for the 68HC11 were all terminated 
with the STOP instruction to mark the end of program execution. In this sense 
the STOP instruction is easy to use and understand. Simply stated, STOP means 
Stop! However, there are other aspects of the STOP instruction that may not at 
first be so apparent. 


Since the first electronic computer (ENIAC) became fully operational in the 
1950’s, the trend has been to make computer systems and (later) microprocessors 
smaller, using less electrical power, with more computational power. 


The development of the first integrated circuit microprocessors marked a signifi- 
cant gain in this regard. Today the application of this technology has advanced to 
the point that microprocessors are being used in a very wide spectrum of prod- 
ucts and devices —- many being battery powered. For these applications, the 
amount of clectrical power consumed by the microprocessor can be critical. 
Many microprocessor-based products are used intermittently; that is, only to 
perform some periodic task or job (as opposed to, for example, a continuous 
control task). For this type of application, it is advantageous to have a 
microprocessor that can be powered-down to a very low power "idling" mode. 
The 68HC11 MPU has the capacity to be powered-down in this manner. This is 
accomplished using the STOP instruction. 


The STOP instruction places the MPU in its lowest power consumption mode. In 
the STOP mode, all clocks, including the internal oscillator, are stopped. This 
causes all internal processing of data to be halted. The microprocessor is literally 
instructed to STOP and wait idly for a wake-up instruction to initiate a recovery 
sequence. The execution of the STOP instruction does not change the internal 
registers of the MPU or affect any of the input-output pins. 


To use the STOP instruction (opcode CF), the Stop Disable or S bit must be 
cleared in the condition code register. Just as any other condition code register 
bit, the S bit can be sect or cleared using software (e.g. the Transfer from Ac- 
cumulator A to Condition Code Register or TAP (06) instruction). If the condi- 
tion code register bit is not cleared (set), the STOP instruction is treated the same 
as a No-Opcration or NOP instruction by the MPU. 
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After it is executed, there are several ways to "wake-up" or recover from the 
STOP instruction. These include RESET, XIRQ, or an unmasked IRQ. The 
RESET and IRQ methods of recovery occur normally as discussed, however, 
there are two different ways of recovering from STOP with XIRQ. The XIRQ- 
STOP recovery method is determined by the status of the X-interrupt mask bit of 
the condition code register. If the X-interrupt mask bit is clear, program execu- 
tion will resume with the normal operations of the XIRQ interrupt as illustrated 
in Figure 7-7. However, if the X bit in the condition code register is set, the 
XIRQ interrupts will be masked, and program execution will resume with an 
opcode fetch for the next instruction immediately following STOP. In this way, 
the MPU can be made to STOP, wait in low-power mode, and continue at a later 
time with the next programmed instruction after STOP. 


Interrupt Processing Priority 


Until now, we have concentrated on the details of how specific kinds of resets 
and interrupts are carried out. But, what happens if two or more different kinds 
of interrupt are requested simultaneously? How does the 68HC11 MPU handle 
this type of situation? Obviously, without some special provisions to handle this 
possibility, much confusion could arise. 


Fortunately, the 68HC11 MPU has a special, built-in circuit, called the Interrupt 
Resolution Priority Circuit or IRPC, to process interrupts in an orderly manner. 
As implied in its name, the IRPC resolves simultaneous interrupt requests ac- 
cording to a fixed relative ranking or priority as shown in Figure 7-11. 


Highest RESET 
COP Clock Monitor 
COP Failure 
Illegal Opcode 
XIRQ 

Lowest IRQ (by default) 


Figure 7-11 
Interrupt priority established by IRPC. 


Each of these interrupts has an input to the IRPC. In the event that two or more 
of these interrupts occur at precisely the same time, the IRPC works to ensure 
that the interrupt with the highest priority (relative to the others) gets serviced 
first. For example, if a COP clock monitor failure, and illegal opcode interrupt 
were to occur simultaneously, you can see from Figure 7-11 that the COP inter- 
rupt has a relatively higher priority and, hence, would be serviced first. 
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Notice that the priority hierarchy shown in Figure 7-11 is similar to the order of 
the interrupt vector assignments shown previously in Figure 7-5. That is, the 
highest priority RESET, shown in Figure 7-11, also occupies the highest vector 
address as shown in Figure 7-5. The COP clock monitor, shown as the next high- 
est priority (hardware) interrupt in Figure 7-11, also occupies the next highest 
vector address in Figure 7-5, and so on. Because the IRPC processes hardware 
interrupts only, the software interrupt or SWI is not included in Figure 7-11. It 
should be noted, however, that the SWI actually has a higher priority than any 
other interrupt except RESET. This is true in the sense that once the SWI opcode 
is fetched, no other interrupt (except RESET) can be honored until the SWI vec- 
tor is fetched. 


The XIRQ and IRQ interrupts are shown respectively as the two lowest priority 
inputs to the IRPC. Notice that these are also the only interrupts which are "bit- 
maskable" using the condition code register (Figure 7-5). Like the four higher 
priority interrupts above it, the XIRQ interrupt is a fixed input to the IRPC. 
These five interrupt inputs to the IRPC are fixed and cannot be changed. 
However, the last input, shown in Figure 7-11 as the IRQ interrupt, is software 
selectable and can be changed. That is, the lowest priority interrupt to the IRPC 
can be changed by software. This means that other interrupts, for example the 
Real Time Interrupt or RTI (or others) could be elevated in priority (over SWI) 
by assigning it to the last position in the IRPC. 


Because the interrupts assignable to the last IRPC position are all I-bit maskable 
in the condition code register, an interrupt assigned to this last position will still 


have a higher priority than any other I-bit maskable interrupt. The IRQ interrupt 
is automatically selected (by default) upon reset. Others can be selected by load- 
ing the appropriate code into a special register in the 68HC11 called the Highest 
Priority Interrupt or HPRIO register. This register, located at address 103C16, is 
part of a 64-byte special control register block contained in the 68HC11’s on- 
chip memory. These 64 special, internal registers are used to control various 
hardware and interfacing features in the 68HC11 which are beyond the scope of 
this course. The MC68HC11 Programming Reference Guide contains a complete 
listing of these registers and shows how the HPRIO register can be set to reas- 
sign other I-bit maskable interrupts to the last position in the IRPC. Figure 7-12 
is a flow-diagram summary of the reset/interrupt priority processing discussed 
here for the 68HC11. View this figure while keeping in mind the information 
presented in this unit. Some carcful study of it should tie together the main topics 
associated with reset and interrupt processing in the 68HC11. Pay particular 
attention to the go/no-go conditions which must be met when a given intcrrupt 
occurs before the MPU is allowed to continue execution of the main program. As 
you can sce, resets and interrupts can be very useful, and play a major role, in the 
way instructions are executed, and software programs written and run. 
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HIGHEST 


POWER-ON-RESET 
(POR) 
PRIORITY 
EXTERNAL RESET 
DELAY 4064 E CYCLES 
CLOCK MONITOR FAIL 
(WITH CME=1) LOWEST 


COP WATCHDOG 
TIMEOUT 


(WITH NOCOP=0) 


LOAD PROGRAM COUNTER 
WITH CONTENTS OF 
$FFFE, FFFF (VECTOR FETCH) 


LOAD PROGRAM COUNTER 
WITH CONTENTS OF 


$FFFC, FFFD (VECTOR FETCH) 


LOAD PROGRAM COUNTER 
WITH CONTENTS OF 


SFFFA, FFFB (VECTOR FETCH) 


SET S. X AND! BITS 
IN CC REGISTER 
RESET MCU 
HARDWARE 


BEGIN AN INSTRUCTION 
SEQUENCE 


XIRQ PIN 
LOW? 


STACK CPU 
ae REGISTERS 
SET X AND | BITS 


FETCH VECTOR 
$FFE4, FFES 


| BIT IN 
CC REGISTER 
SET? 


ANY | BIT 
INTERRUPT 
PENDING 
? 


YES 


FETCH OPCODE 
STACK CPU 
REGISTERS 


STACK CPU 
REGISTERS 


FETCH VECTOR 
SFFF8, FFF 


STACK CPU 
REGISTERS 


7 INTERRUPT 


YET? 


STACK CPU 
REGISTERS 
SET | BIT 


FETCH VECTOR 
SFFF6, FFF7 


SET | BIT 


RESOLVE INTERRUPT 
PRIORITY AND FETCH 
VECTOR FOR HIGHEST 
PENDING SOURCE 


RESTORE CPU 
REGISTERS 
FROM STACK 


EXECUTE THIS 
INSTRUCTION 


START NEXT 
INSTRUCTION 
SEQUENCE 


Figure 7-12 


Reset/Interrupt priority processing flow diagram. 
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Self-Test Review 

11. List the five types of interrupts available to the MPU. 

12. Which interrupt is ignored by the MPU if the interrupt mask bit is set? 

13. What is the purpose of the reset interrupt sequence? 

14. | From what addresses is the reset interrupt vector taken? 

15. What is an interrupt vector? 

16. List the sequence of events that takes place when a non-maskable interrupt 
Occurs. 

17. | What is an interrupt service routine? 

18. | What is usually the last instruction in the interrupt service routine? 

19. How does the RTI instruction affect the stack pointer? 

20. Which of the interrupts docs not cause data to be pushed into the stack? 

21. Which instruction can be used to disable the interrupt request capability? 

22. List three methods by which the MPU can be released from the wait state 
following the execution of a WAI instruction. 

23. Under what condition will the IRQ and XIRQ interrupts not cause data to 
be pushed into the stack? 

24. How does the Illegal Opcode Trap work to protect the MPU from trying to 
execute non-valid opcodes? 

25. List three methods to recover, or "wake-up" from a STOP instruction. 

26. Which interrupt will be processed first in the event of a simultaneous re- 


quest by XIRQ and IRQ? 
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Answers 


11. Reset, non-maskable interrupt, interrupt request, software interrupt, and 
Illegal Opcode Trap. 


12. Interrupt request (IRQ). 


13. To direct the MPU to the first instruction in the monitor or control 
program. 


14. FFFE)¢ and PREF 5, 


15. The address of the interrupt service routine. 


16. A. The current instruction is executed. 
B. The contents of the pertinent registers are pushed onto the stack. 
C. The interrupt mask bit is set. 
D. The XIRQ vector from addresses FFFC,, and FFFD,¢ is loaded into 
the program counter. 
E. The instruction at the address specified by the XIRQ vector is fetched 
and executed. 


17. A routine that takes care of the interrupt and then returns control to the 
main program. 


18. The Return-From-Interrupt (RTI) instruction. 


19. The stack pointer is incremented seven times as the previous MPU status 
is pulled from the stack. 


20. Reset. 

21. Set Interrupt Mask (SEI). 

22. A. By aresct signal. 
B. By anon-maskable interrupt. 
C. By an interrupt request (if I=0). 


23. If an MPU is waiting for an interrupt. 


24. The Illegal Opcode Trap requests an interrupt vectored to a previously 
initialized location of an interrupt service routine. 


25. RESET, XIRQ, or IRQ may be used to recover from a STOP instruction. 


26. XIRQhas a higher priority and, hence will be processed before IRQ. 
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UNIT 7 SUMMARY 


10. 


11. 


Le. 


Input/Output, or I/O as it is often called, consists of ("outside world") 
binary data written to, or read from, the computer. 


A microprocessor system must be able to communicate or interface with 
the "outside world” to be useful. 


An I/O interface is an electronic circuit used to connect "outside world" 
peripheral devices (e.g. printers, disk-drives, keyboards, etc.) to the MPU. 


An output port (interface) generally contains a latch to allow slower out- 
put devices (e.g. a printer) sufficient time to respond to rapidly changing 
data on the bus. 


An input port (interface) gencrally uses a simple buffer, or 3-state device, 
to isolate the peripheral from the MPU data bus when it is not in use. 


Both input and output interfaces contain an address decoder to specifically 
identify a peripheral device by its address. 


Two methods of I/O programming are generally recognized. These are 
referred to as accumulator I/O and memory-mapped I/O. 


I/O programming refers to computer programs written specifically to ac- 
complish the input/output of data. 


MPU’s using accumulator I/O have specific instructions to handle such 
operations. MPU’s using memory-mapped I/O have no specific instruc- 
tions to handle these operations. Rather, each I/O interface is assigned a 
memory location, and all I/O operations are treated as memory transfers. 
The 68HC11 MPU has no specific I/O instructions and relies on the 
memory-mapped method for I/O operations. 


To input data from an I/O port, use the indexed or extended forms of ad- 
dressing with either load accumulator instruction. To store data, use the 
indexed or extended forms of addressing with either store accumulator 
instruction. 


As implied by the name, an interrupt is a means by which an device can 
notify the MPU of another event. A peripheral can notify the MPU that it 
needs servicing with an interrupt signal. 


Five types of 68HC11 interrupts are; RESET, XIRQ, IRQ, SWI, and II- 
legal Opcode Trap. 
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13. Every type of interrupt has a related interrupt vector address. Each vector 
address identifies two sequential memory locations that contain the ad- 
dress of the routine, or program, that processes the interrupt. The last 
(highest) 64 bytes of on-chip ROM contain the normal vectors in the 
68HC11. 


14. The monitor program in ROM controls all MPU/system related activities. 
these control programs are addressed by the MPU immediately after a 
reset interrupt. 


15. | When power is applied to the 68HC11 MPU and its support circuitry, the 
RESET line is momentarily pulled low. This operation triggers a sequence 
of events within the MPU that end with the interrupt vector address for the 
reset interrupt being loaded into the program counter. The interrupt vector 
points to the last two bytes in the ROM that contain the address of the 
system Start-up routine. This address is loaded into the program counter 
and the start-up routine is executed. 


16. A system reset operation can be initiated at any time by pulling the MPU 
RESET line low. 


17. The first operation the MPU performs when it processes a reset interrupt is 
to set the interrupt mask bit in the condition code register. 


18. A non-maskable interrupt is a hardware interrupt that the MPU cannot 


ignore. A high-to-low transition on the XIRQ control line forces the MPU 
to initiate a non-maskable interrupt sequence. Before the sequence begins, 
the MPU is allowed to finish the current instruction. Then, the MPU saves 
all of its registers (except the stack pointer) in the stack. Next, it sets the 
interrupt mask bit in the condition code register. Finally, it gets the ad- 
dress of the service routine. 


19. A maskable interrupt is a hardware interrupt that the MPU can ignore. A 


low on the IRQ line indicates that an interrupt is being requested. It is 
serviced in the same manner as a non-maskable interrupt; except that be- 
fore the interrupt is serviced, the condition code register is checked to 
make sure the interrupt mask bit is clear. 


20. The end of an interrupt service routine is indicated by the return from 
interrupt instruction. When the instruction is executed, all of the register 
values that were saved in the stack are returned to the MPU, and program 
execution continues from were it was originally halted. 


21. Two interrupt mask instructions are used to set and clear the interrupt 
mask bit in the condition code register. When the mask bit is set, all exter- 
nal maskable interrupt requests are ignored. 


22. A software interrupt is a program initiated interrupt request. As soon as 
the instruction is executed the interrupt is serviced in the same manner as 
a non-maskable interrupt. 
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2s 


24. 


ook 


26. 


Because not all possible numerical combinations are defined as valid op- 
eration codes in the 68HC11 instruction set, an Illegal Opcode Trap (inter- 
rupt) has been included. This serves to interrupt the execution of a pro- 
gram if a numerical combination is encountered which is not defined in 
the 68HC11 instruction set. Execution of the Illegal Opcode Trap interrupt 
is similar to any vectored interrupt with a program jump to an interrupt 
service routine. , 


When the wait for interrupt (WAI) instruction is executed, the program 
counter is incremented by one. Then, the contents of the program counter, 
index registers, condition code register, and accumulators are pushed onto 
the stack. Finally, the MPU goes into a low-power, wait state. In this state, 
the MPU will respond only to a hardware interrupt of some form. 


The lowest power operating mode that the 68HC11 can be placed into is 
called the stop-mode. This is done by executing the STOP instruction. In 
the stop-mode, all clocks, including the internal oscillator, are stopped. 
This causes all internal processing of data to be halted. There are several 
ways to recover from the STOP instruction. These include the execution 


of a RESET, XIRQ or unmasked IRQ. 


To avoid problems associated with the attempted processing of simul- 
taneously received interrupts, the 68HC11 has a special Interrupt Resolu- 
tion Priority Circuit or IRPC. The interrupt inputs to this circuit (from 
highest to lowest priority) are RESET, COP Clock Monitor, COP Failure, 


Illegal Opcode, XIRQ, and IRQ. These inputs are permanently fixed by 


hardware, except for the last (lowest priority) one. The IRQ interrupt is 
included by default as the lowest priority input to the IRPC. However, this 
last input is software changeable, and could be changed by altering the 
Highest Priority Interrupt (HPRIO) register. By doing this, other inter- 
rupts, such as Real Time Interrupt (RTI), could be elevated in priority 
above the IRQ. 


Appenaix A 


DEFINITION OF 68HCI11 
EXECUTABLE INSTRUCTIONS 


Used with permission. 


The following material is an excerpt from sections 4 and 5 of the M68HC1] 
HCMOS Single-Chip Microcomputer Programmer’s Reference Guide, First Ed. 
by Motorola, Inc. Used with permission. 
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SECTION 4 
INSTRUCTION SET DETAILS 


4.1 INTRODUCTION 


This section contains detailed information about each executable instruction in the M68HC11 
MCU instruction set. The instructions are arranged in alphabetical order with the instruction 
mnemonic set in larger type for easy reference. 


4.2 NOMENCLATURE 
The following nomenclature is used in the subsequent definitions. 


(a) Operators 
( ) = contents of register shown inside parentheses 
is transferred to 
is pulled from stack 
= is pushed onto stack 
= Boolean AND 


I 
| 
a 


+ = Arithmetic addition symbol except where used as inclusive-OR symbol in 
Boolean formula 

@® = Exclusive-OR 

— = Boolean NOT 


= Multiply 
= Concatenation 
—- = Arithmetic subtraction symbol or negation symbol (twos complement) 


(b) Registers in the MPU 

ACCA = Accumulator A 

ACCB = Accumulator B 

ACCX = Accumulator ACCA or ACCB 

ACCD = Double accumulator. Accumulator A concatenated with accumulator B where A 
is the most significant byte. 

CCR = Condition code register 

IX = Index register X, 16 bits 

IXH = Index register X, higher order 8 bits 

IXL = Index register X, lower order 8 bits 
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lY = Index register Y, 16 bits 

IYH = Index register Y, higher order 8 bits 

IYL = Index register Y, lower order 8 bits 

PC = Program counter, 16 bits 

PCH = Program counter, higher order (most significant) 8 bits 
PCL = Program counter, lower order (least significant) 8 bits 
SP = Stack pointer, 16 bits 

SPH = Stack pointer higher order 8 bits 

SPL = Stack pointer lower order 8 bits 


(c) Memory and Addressing 


M = A memory location (one byte) 

M+1 = The byte of memory at 0001 plus the address of the memory location indicated 
by MA’. 

Rel = Relative offset (i.e., the twos complement number stored in the last byte of 


machine code corresponding to a branch instruction). 
(opr) = Operand 
(msk) = Mask used in bit manipulation instructions. 
(rel) = Relative offset used in branch instructions. 


(d) Bits 0 through 7 of the Condition Code Register 

= Carry/Borrow, bit 0 

= Twos complement overflow indicator, bit 1 
= Zero indicator, bit 2 

= Negative indicator, bit 3 

= I|-Interrupt mask, bit 4 

= Half carry, bit 5 

X-Interrupt mask, bit 6 

Stop disable, bit 7 


Om ITE7-7 2N<0 
| 


(e) Status of Individual Bits BEFORE Execution of an Instruction 


An = Bit n of ACCA (n=7, 6, 5, ..., 0) 
Bn = Bit n of ACCB (n=, 6, 5, ..., 0) 
Dn = Bit n of ACCD (n= 15, 14, 13, ..., 0) 
where bits 8-15 refer to ACCA and bit 0-7 refer to ACCB. 
IXn = Bitn of IA (n= 15, 14, 13, ..., 0) 


IXHn = Bit n of IXH (n=7, 6, 5, ..., 0) 
IALn «6 = Bit n of IAL (n= /, G, 5, ..., 0) 
Yn = Bit n of IY (n= 16, 14, 13 .., 0 
lYAn = Bitn of IYH (n=7, 6, 5, ..., 0) 
Yin = Bitn of IYL (n=7, 6, 5, ..., 0 
Mn = Bitnof Mins /, 6, 5, ... 0) 
SPHn = Bit n of SPH (n=/7, 6, 5, ..., 0) 
SPLn = Bit nof SPL in=/7, 6, 5, ..., 0) 
Xn = Bit n of ACCX (n=7, 6, 5, ..., 0) 
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(f) Status of Individual Bits of the RESULT of Execution of an Instruction 
(i) For 8-bit Results 
Rn = Bit n of the result (n= /7, 6, 5, ..., 0) 
This applies to instructions which provide a result contained in a 
single byte of memory or in an 8-bit register. 
(ii) For 16-bit Results 
RHn = Bit n of the most significant byte of the result (n= 7, 6, 5, ..., 0) 
RLn = Bit n of the least significant byte of the result (n= 7, 6, 5, ..., 0) 
This applies to instructions which provide a result contained in two 
consecutive bytes of memory or in a 16-bit register. 
Rn = Bit n of the result (n= 15, 14, 13, ..., 0) 


4.3 EXECUTABLE INSTRUCTIONS 
Detailed definitions of the executable instructions of the source language are provided on the 


following pages. Tables showing the cycle-by-cycle bus activity are referenced in the instruction 
descriptions and are included in Section 5. 
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A BA Add Accumulator B to Accumulator A A BA 


Operation: ACCA-(ACCA) + (ACCB) 


Description: Adds the contents of ACCB to the contents of ACCA and places the 
result in ACCA. 


Condition 
Codes: Not affected. 

Not affected. 

Set if there was a carry from bit 3; cleared otherwise. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if there was twos complement overflow as a result of the opera- 
tion; cleared otherwise. 

Set if there was a carry from the most significant bit of the result; 
Cleared otherwise. 


Boolean Formulae for Condition Codes: 
H = A3eB3 + B3eR3 + R3eA3 
Z = R7*RGeRS°R4eRGeR29A1°AO 
V = A7eB7eR7 + A7eB7eR7 
C= A7¢B7 + B7eR7 + R7eA7 


Source 
Form: ABA 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
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A BX Add Accumulator B to Index Register X A BX 


Operation: IX —(IX)+(ACCB) 


Description: Adds the 8 bit unsigned contents of ACCB to the contents of index 
register X (IX) taking into account the possible carry out of the low order 
byte of the index register X, and places the result in the index register X 
(IX). ACCB is not changed. 


Condition 

Codes: Not affected 
Source 

Form: ABX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
a: ae 
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A BY Add Accumulator B to Index Register Y A BY 


Operation: lY —(lY)+(ACCB) 


Description: Adds the 8 bit unsigned contents of ACCB to the contents of index 
register Y (IY) taking into account the possible carry out of the low order 
byte of the index register Y, and places the result in the index register Y 
(IY). ACCB is not changed. 


Condition 

Codes: Not affected 
Source 

Form: ABY 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
PINH | BSAC 8 
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A D C Add with Carry A D C 


Operation: ACCX-—(ACCX) + (M) +(C) 


Description: Adds the contents of the C bit to the sum of the contents of ACCX and 
M and places the result in ACCX. 


Condition 
Codes: Not affected. 

Not affected. 

Set if there was a carry from bit 3; cleared otherwise. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if there was twos complement overflow as a result of the opera- 
tion; cleared otherwise. 

Set if there was a carry from the most significant bit of the result; 
cleared otherwise. 


Boolean Formulae for Condition | Codes: 
H = X3eM3 + M3eR3 + R38eX3 
Z = R7*R6eR5eRd4eAdeR2°A1° RO 
V = X7eM7eR7 + X7eM7eR7 
C= X7eM7 + M7¢R7 + R7eX7 


Source 
Forms: ADCA (opr); ADCB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Activity 
Operand (Total) (See Table #) 


ii= one byte of immediate data 

dd = low order 8-bits of a direct address $0000-$FFFF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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A D D Add without Carry A D D 


Operation: ACCX-—(ACCX) + (M) 


Description: Adds the contents of M to the contents of ACCX and places the result in 


ACCX. 
Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Set if there was a carry from bit 3; cleared otherwise. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was twos complement overflow as a result of the opera- 
tion; cleared otherwise. 
C: Set if there was a carry from the most significant bit of the result; 


cleared otherwise. 


Boolean Formulae for Condition Codes: 
H = X3eM3 + M3eR3 + R3eX3 


V =X7eM7eR7 + X7eM7eR7 
C= X7M7 + M7eR7 + R7#X7 


Source 
Forms: ADDA (opr); ADDB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Hexadecimal) 


Mode 


Cycle-by-Cycle 
Activity 
(See Table #) 


for 
Operand 


| AIMM | 8B 

PADIR | BT 

VP AEXT | BBL 

PAIND.X | AB Tf 

PAINDY | 18AB | ff 
ee ee ee 
ee 
| FB 


| BIMM 
| BIND.X | —B | ff | 
| BIND,Y | 18E6B | ff 
ii= one byte of immediate data 

dd = low order 8-bits of a direct address ($0000-$00FF) (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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A D D D Add Double Accumulator A D D D 


Operation: ACCD-—(ACCD) +(M:M + 1) 


Description: Adds the contents of M concatenated with M+ 1 to the contents of 
ACCD and places the results in ACCD. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was twos complement overflow as a result of the opera- 
tion; cleared otherwise. 

Set if there was a carry from the most significant bit of the result; 
cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R15 


V = D15eM15eR15 + D15eM15eR15 
C= D15eM15 + M15eR15 + R15eD15 


Source 
Form: ADDD (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine 


Mode Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


IND, X 
IND, Y 


jj= high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$FFFF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


a ee = 7 

a ee es eee 
po 
ss ee =>: 
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AND Logical AND AND 


Operation: ACCX-—(ACCX)e(M) 


Description: Performs logical AND between the contents of ACCX and the contents of 
M and places the result in ACCX. (Each bit of ACCX after the operation 
will be the logical AND of the corresponding bits of M and of ACCX 
before the operation.) 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= R7 
Z = R7eR6eR5eR4eR3eR2eR1°RO 
V=0 
Source 
Forms: ANDA (opr); ANDB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
(Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 
(Total) (Cycles) (See Table #) 


ii= one byte of immediate data 

dd = low order 8-bits of a direct address $0000-$FFFF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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Arithmetic Shift Left 
ASL ate ing ASL 
| esc, 
Operation: —[EfFTffIftfttIY?dt{t! dJ—o 
b7 b0 


Description: Shifts all bits of the ACCX or M one place to the left. Bit 0 is loaded with 
a zero. The C bit in the CCR is loaded from the most significant bit of 


ACCX or M. 
Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Set if, before the operation, the most significant bit of the ACCX or 


M was set; cleared otherwise. 


Boolean Formulae for Condition Codes: 


Z= R7*R6eR5eR4°R3eR2°R1°RO 
V=Ne@C=([NeC]+[NeC] 
(the foregoing formula assumes values of N and C after the shift 


operation) 
C=M/7 
Source 
Forms: ASLA; ASLB; ASL (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding 
Mode (Hexadecimal) Cycle-by-Cycle 
for Activity 
Operand (See Table #) 


hh = high order byte of 16-bit extended address 
ll= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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AS L D Arithmetic Shift Left Double Accumulator AS L D 


(Same as LSLD) 


<a 
Operation: (C]=—-[_[ | | | | [| | J~-L][ [ [J] ] | J<—o 
b7 ACCA bO b7 ACCB bO 
Description: Shifts all bits of ACCD one place to the left. Bit 0 is loaded with a zero. 
The C bit in the CCR is loaded from the most significant bit of ACCD. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

: Not affected. 

N: Set if most significant bit of result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Set if before the operation the most significant bit of ACCD was set; 
cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R15 ee ee 
V=NeC=([NeC]+[NeC] 
‘(the foregoing formulat assumes values of N and C after the shift 


operation) 
C=D15 
Source 
Form: ASLD 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
05 a 2 
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AS i Arithmetic Shift Right AS be 
|. 
operation: L_—» [TT T1111} 
bO 


b7 
Description: Shifts all bits of ACCX or M one place to the right. Bit 7 is held constant. 
Bit 0 is loaded into the C bit of the CCR. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if the most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

Set if, before the operation, the least significant bit of the ACCX or 
M was set; cleared otherwise. 


Q SNZ7=IXxY 


Boolean Formulae for Condition Codes: 


Z= R7*R6eR5eR4eR3eR2eR1 eRO 
V=NeC=[NeC]+[NeC] 
(the foregoing formula assumes values of N and C after the shift 


operation) 
C= MO 
Source 
Forms: ASRA; ASRB; ASR (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Cycle-by-Cycle 
Activity 
(See Table #) 


hh = high order byte of 16-bit extended address 
ll= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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BCC Branch if Carry Clear B CC 


(Same as BHS) 


Operation: PC-—(PC) +0002 + Rel if(cj= 


Description: Tests the state of the C bit in the condition code register and causes a 
branch if it is clear. 


See BRA instruction for further details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BCC (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 
Operand Branch Offset (Total) (Cycles) (See Table #) 
ee eee eee eee eee eee eee : 

rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B C L R Clear Bit(s) in Memory B C L i 


Operation: M-+Me(PC + 2) 
M —Me(PC + 3) (for IND,Y address mode only) 


Description: Clear multiple bits in location M. The bit(s) to be cleared are specified by 
ones in the mask byte. All other bits in M are unaffected. 


Condition 
Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

: Not affected. 

N: Set if the most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are zero; cleared otherwise. 

V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


N=R7_ 
Z = R7¢R6eR5eR4eR3eR2eR1°RO0 
¥=0 

Source 

Form: BCLR (opr) (msk) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time 


Addressing Machine Coding 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
Time Activity 


for 
(Cycles) (See Table #) 


| dd 
a a 
dd = low order 8-bits of a direct address ($0000-$00FF) (high byte assumed to be $00) 


mm = 8&bit mask (set bits to be affected) 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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BCS Branch if Carry Set BCS 


(Same as BLO) 


Operation: PC-—(PC)+0002 + Rel it iGj=1 


Description: Tests the state of the C bit in the condition code register and causes a 
branch if it is set. 
See BRA instruction for further details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BCS (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine 


Machine Coding 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 


cee ee ee ee eee eee ee eee eee eee | eee 
rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B EQ Branch if Equal B EQ 


Operation: PC-—(PC) +0002 + Rel if (Z)=1 


Description: Tests the state of the Z bit in the condition code register and causes a 
branch if it is set. 


See BRA instruction for further details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BEQ (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


| REL] er 8S 
rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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BGE 


Operation: 


Description: 


Condition 
Codes: 


Source 
Form: 


Branch if Greater than or Equal to Zero B G E 


PC —(PC) + 0002 + Rel if (N)®(V)=0 
i.e., if (ACCX)>(M) 
(twos complement ‘‘signed’”’ numbers) 


Causes a branch if (N is set and V is set) OR (N is clear and V is clear) in 
the CCR. 

If the BGE instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the twos complement number 
represented by the minuend (i.e., ACCX) was greater than or equal to the 
twos complement number represented by the subtrahend (i.e., M). 


See BRA instruction for details of branch. 
Not affected. 


BGE (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


Machine 


Machine Coding 


rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 


offset byte) 
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B G T Branch if Greater than Zero B G T 


Operation: PC-—(PC)+0002 + Rel if (Z)+[(N) @(V)] =0 
i.e., if (ACCX) >(M) 
(twos complement ‘signed’ numbers) 


Description: Causes a branch if [Z is clear] AND [(N is set AND V is set) OR (N is clear 
AND V is clear)]. 
If the BGT instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the twos complement number 
represented by the minuend (i.e., ACCX) was greater than the twos com- 
plement number represented by the subtrahend (i.e., M). 
See BRA instruction for details of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BGT (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 


rr= signed relative offset $80 (— 128) to $7F ( + 127) (offset relative to the address following the machine code 
offset byte) 
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B H ( Branch if Higher B H 


Operation: PC-—(PC) +0002 + Rel if (C)+(Z)=0 
i.e., if (ACCX)>(M) 
(unsigned binary numbers) 


Description: Causes a branch if (C is clear) AND (Z is clear) in the CCR. 
If the BHI instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the unsigned binary number 
represented by the minuend (i.e., ACCX) was greater than the unsigned 
binary number represented by the subtrahend (i.e., M). 
See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BHI (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 
pREL | 

rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B H S Branch if Higher or Same B H S 


(Same as BCC) 


Operation: PC—(PC)+0002 + Rel if (C)=0 
i.e., if (ACCX) = (M) 
(unsigned binary numbers) 


Description: Tests the state of the C bit in the condition code register and causes a 
branch if it is clear. 
If the BHS instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the unsigned binary number 
represented by the minuend (i.e., ACCX) was greater than or equal to the 
unsigned binary number represented by the subtrahend (i.e., M). 
See BRA instruction for further details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BHS (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


Branch Offset 


rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions A-2 1 


BIT Bit Test BIT 


Operation: (ACCX)e(M) 


Description: Performs the logical AND operation between the contents of ACCX and 
the contents of M, and modifies condition codes accordingly. Neither the 
contents of ACCX or M operands are affected. (Each bit of the result of 
the AND would be the logical AND of the corresponding bits of M and 
ACCX.) 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
: Not affected. 
N 


Set if the most significant bit of the result of the AND is set; cleared 


otherwise. 
Z: Set if all bits of the result of the AND are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= R7 
Z = R7*R6eR5eR4eR3eR2eR1eRO 
¥V=0 
Source 
Forms: BITA (opr); BITB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding . Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
(Total) (Cycles) (See Table #) 


ii= One byte of immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l!= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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B L E Branch if Less than or Equal to Zero 3} L E 


Operation: PC-—(PC) +0002 + Rel if (Z) + [(N) @(V)] = 1 
i.e., if (ACCX)<(M) 
(twos complement ‘‘signed’’ numbers) 


Description: Causes a branch if [Z is set] OR [(N is set AND V is clear) OR (N is clear 
AND V is set)] in the CCR. 
If the BLE instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the twos complement number 
represented by the minuend (i.e., ACCX) was less than or equal to the 
twos complement number represented by the subtrahend (i.e., M). 
See BRA instruction for details of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BLE (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand 


(Total) (Cycles) (See Table #) 
a eee ee eee eee ees ee eee eee | | ee 
rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B L O Branch if Lower B L O 


(Same as BCS) 


Operation: PC—(PC) +0002 + Rel if (C= 1 
i.e., if (ACCX)<(M) 
(unsigned binary numbers) 


Description: Tests the state of the C bit in the condition code register and causes a 
branch if it is set. 
If the BLS instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the unsigned binary number 
represented by the minuend (i.e., ACCX) was less than the unsigned 
binary number represented by the subtrahend (i.e., M). 
See BRA instruction for further details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BLO (rel) 


Modes, Machine Code (Hexadecimal), and Execution Time: 
Machine Coding Machine 


Addressing 
Addressing 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Tabie #) 


Branch Offset 
Fa ae a ee Ee 
rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B LS Branch if Lower or Same B LS 


Operation: PC-—(PC)+0002 + Rel if (C)+(Z) = 1 
i.e., if (ACCX)<(M) 
(unsigned binary numbers) 


Description: Causes a branch if (C is set) OR (Z is set) in the CCR. 
If the BLS instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the unsigned binary number 
represented by the minuend (i.e., ACCX) was less than or equal to the un- 
signed binary number represented by the subtrahend (i.e., M). 
See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BLS (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 


rr= signed relative offset $80 (— 128) to $7F ( + 127) (offset relative to the address following the machine code 
offset byte) 
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3} LT Branch if Less than Zero B LT 


Operation: PC-—(PC)+0002 + Rel if (N)@(V) = 1 
e., if (ACCX)<(M) 
(twos complement ‘‘signed”’ numbers) 


Description: Causes a branch if (N is set AND V is clear) OR (N is clear AND V is set) 
in the CCR. 
If the BLT instruction is executed immediately after execution of any of 
the instructions CBA, CMP(A, B, or D), CP(X or Y), SBA, or SUB(A, B, or 
D), the branch will occur if and only if the twos complement number 
represented by the minuend (i.e., ACCX) was less than the twos comple- 
ment number represented by the subtrahend (i.e., M). 
See BRA instruction for details of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BLT (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand Branch Offset (Total) (Cycles) (See Table #) 
a a ey ee Re: ee : 


rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B M | Branch if Minus B M ; 


Operation: PC-—(PC) +0002 + Rel if (N)=1 


Description: Tests the state of the N bit in the condition code register and causes a 
branch if it is set. 
See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BMI (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding achine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand Branch Offset (Total) (Cycles) (See Table #) 


rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions 


B N E Branch if Not Equal B N E 


Operation: PC-—(PC)+0002+ Rel if (Z)=0 


Description: Tests the state of the Z bit in the condition code register and causes a 
branch if it is clear. 


See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BNE (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Branch Offset 


Operand (Total) (Cycles) (See Table #) 
rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B e L Branch if Plus B - L 


Operation: PC-—(PC) +0002 + Rel if (N)=0 


Description: Tests the state of the N bit in the condition code register and causes a 
branch if it is clear. 
See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BPL (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Activity 


for Bytes Time 


Operand Branch Offset (Total) (Cycles) (See Table #) 
rr a a a eee 


rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions 


B RA Branch Always B RA 


Operation: PC-—(PC)+0002 + Rel 


Description: Unconditional branch to the address given by the foregoing formula, in 
which REL is the relative offset stored as a twos complement number in 
the second byte of machine code corresponding to the branch 
instruction. 

Note: The source program specifies the destination of any branch in- 
struction by its absolute address, either as a numerical value or as a 
symbol or expression which can be numerically evaluated by the 
assembler. The assembler obtains the relative address Rel from the ab- 
solute address and the current value of the location counter. 


Condition 

Codes: Not affected. 
Source 

Form: BRA (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


pRELC] 2 ee et 8 
rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B Ft C L 3 Branch if Bit(s) Clear B RC L re 


Operation: PC-PC+0004 + Rel if Me(PC + 2)= 
PC — PC + 0005 + Rel if Me(PC + 3)=0 (Y indexed addressing mode) 


Description: Tests location M and branches if all bits specified by ones in the mask 
byte are zero in the tested byte. The branch will only be taken if all bits 
that are tested are zero in the tested byte. 


Condition 

Codes: Not affected. 

Source 

Form: BRCLR (opr) (msk) (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 
Operand (Cycles) | (See Table #) 


dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 

mm = 8-bit bit mask (set bits to be affected) 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 

rr= signed relative offset $80 (— 128) to $7F ( + 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions 


B N Branch Never B R N 


Operation: PC-—(PC) +0002 


Description: Never branches. In effect, this instruction can be considered as a two 
byte NOP (no operation) requiring three cycles for execution. Its inclu- 
sion in the instruction set is to provide a complement for the BRA in- 
struction. The instruction is useful during program debug to negate the 
effect of another branch instruction without disturbing its offset byte. 
Having a complement for BRA is also useful in compiler implementa- 


tions. 
Condition 
Codes: Not affected. 
Source 
Form: BRN (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


| REL te 
rr= signed relative offset $80 (— 128) to $7F ( + 127) (offset relative to the address following the machine code 
offset byte) 
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B RS ET Branch if Bit(s) Set B RS ET 


Operation: PC—PC+0004+Rel if Meo(PC + 2)= 
PC —PC + 0005 + Rel if Me(PC + 3)=0 (Y indexed addressing mode) 


Description: Tests location M and branches if all bits specified by ones in the mask 
byte are one in the tested byte. The branch will be taken only if all bits 


that are tested are one in the tested byte. 


Condition 

Codes: Not affected. 

Source 

Form: BRSET (opr) (msk) (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 
Operand (See Table W 


dd= oly order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 

mm = 8-bit bit mask (set bits to be affected) 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 

rr = signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 


offset byte) 
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BS ET Set Bit(s) in Memory BS ET 


Operation: M-+-M+(PC+ 2) 
M-+-M+(PC + 3) (Y indexed addressing mode) 


Description: Set multiple bits in location M. The bit(s) to be set are specified by ones 
in the mask byte (byte 3). All other bits in M are unaffected. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are zero; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= R7 
Z = R7eR6eR5eR4eR3eR2eR1eRO 
V=0 
Source 
Form: BSET (opr) (msk) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
(Hexadecimal) Cycle-by-Cycle 
i Activity 
(See Table #) 


dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
mm = 8-bit bit mask (set bits to be affected) 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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B S Fi Branch to Subroutine B S a 


Operation: PC-—(PC)+ 0002 
\(PCL) 
SP —(SP) — 0001 
(PCH) 
SP —(SP) — 0001 
PC —(PC) + Rel 


Description: The program counter is incremented by 2. The least significant byte of 
the contents of the program counter is pushed onto the stack. The stack 
pointer is then decremented (by 1). The most significant byte of the con- 
tents of the program counter is then pushed onto the stack. The stack 
pointer is again decremented (by 1). A branch then occurs to the location 
specified by the branch. 


See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BSR (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 
rs | i? 2 a a Ses 


rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions 


B VC Branch if Overflow Clear B VC 


Operation: PC-—(PC) +0002 + Rel if (V)=0 


Description: Tests the state of the V bit in the condition code register and causes a 
branch if it is clear. 
Used after an operation on twos complement binary values, this instruc- 
tion will cause a branch (if there was no overflow). That is, branch if the 
twos complement result was valid. 
See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 

Source 

Form: BVC (rel) 

Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Machine 


Addressing Machine Coding 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 


| REL“ <;$§CTC“( CO er ll 8 
rr= signed relative offset $80 (— 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 
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B VS Branch if Overflow Set BVS 


Operation: PC-—(PC) +0002 + Rel if (V)=1 


Description: Tests the state of the V bit in the condition code register and causes a 
branch if it is set. 
Used after an operation on twos complement binary values, this instruc- 
tion will cause a branch (if there was an overflow). That is, branch if the 
twos complement result was invalid. 


See BRA instruction for details of the execution of the branch. 


Condition 

Codes: Not affected. 
Source 

Form: BVS (rel) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand Branch Offset (Total) (Cycles) (See Table #) 


rr= signed relative offset $80 ( — 128) to $7F (+ 127) (offset relative to the address following the machine code 
offset byte) 


Definition of Executable Instructions A-43 


C BA Compare Accumulators C BA 


Operation: (ACCA) -—(ACCB) 


Description: Compares the contents of ACCA to the contents of ACCB and sets the 
condition codes, which may be used for arithmetic and logical condi- 
tional branches. Both operands are unaffected. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

: Not affected. 

N: Set if the most significant bit of the result of the subtraction is set; 
cleared otherwise. 

Z: Set if all bits of the result of the subtraction are cleared; cleared 
otherwise. 

V: Set if the subtraction results in twos complement overflow; cleared 
otherwise. 

C: Set if the subtraction requires a borrow in the most significant bit of 
the result; cleared otherwise. 


Boolean Formulae for Condition Codes: 


Z = R7*RGeR5e Ade Ade AB9Ai RO 
V =A7eB7eR7 + A7eB7eR7 
C=A7eB7 + B7eR7 + R7*¢A7 


Source 
Form: CBA 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes 


Time Activity 
Operand (Total) (Cycles) (See Table #) 
a See 
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C LC Clear Carry C LC 


Operation: C bit—0 


Description: Clears the C bit in the condition code register. 


Condition 

Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 
C: Cleared. 

Boolean Formulae for Condition Codes: 
G=0 

Source 

Form: CLC 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
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G L | Clear Interrupt Mask C L | 


Operation: | bit—O 


Description: Clears the interrupt mask bit in the condition code register. When the | 
bit is clear, interrupts are enabled. 


Condition 

Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
: Cleared. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
l=Q 

Source 

Form: CLI 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
OE ae ae 


A-46 APPENDIX A 


CLR Clear CLR 


Operation: ACCX-00 
or: M —00 


Description: The contents of ACCX or M are replaced with zeros. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 


I: Not affected. 


N: Cleared. 
Z: Set. 
V: Cleared. 
C: Cleared. 
Boolean Formulae for Condition Codes: 
N=0O 
Z= 1 
V=0 
G=0 
Source 
Forms: CLRA; CLRB; CLR (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
(Total) (Cycles) (See Table #) 


hh = high order byte of 16-bit extended address 
ll= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Definition of Executable Instructions 


C LV Clear Twos Complement Overfiow Bit C LV 


Operation: V bit—0O 
Description: Clears the twos complement overflow bit in the condition code register. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 


Not affected. 


N: Not affected. 
Z: Not affected. 
V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 
¥V=0 


Source 
Form: CLV 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand 


(Total) (Cycles) (See Table #) 
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GC M - Compare C M be 


Operation: (ACCX)-—(M) 


Description: Compares the contents of ACCX to the contents of M and determines 
the condition codes, which may be used for arithmetic and logical condi- 
tional branching. Both operands are unaffected. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if the most significant bit of the result of the subtraction is set; 

cleared otherwise. 

Z: Set if all bits of the result of the subtraction are cleared; cleared 
otherwise. 

V: Set if the subtraction results in twos complement overflow: cleared 
otherwise. 

C: Set if the absolute value of the contents of memory is larger than 
the absolute value of the accumulator; cleared otherwise. 


Boolean Formulae for Condition Codes: 
Z = R7*R6eR5eRdeRseR2eAieRO 
V = X7eM7eR7 + X7@¢M7eR7_ 
C= X7eM7 + M7®R7 + R7eX7 


Source 
Forms: CMPA (opr); CMPB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Activity 
Operand (Total) (See Table #) 


ii= one byte of immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

\l= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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C O M Complement C O M 


Operation: ACCX-— — (ACCX) = FF —(ACCX) 
or: M+ — (M)=FF-—(M) 


Description: Replaces the contents of ACCX or M with its ones complement. (Each bit 
of the contents of ACCX or M is replaced with the complement of that 


bit). 
Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
|: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Set. 
Boolean Formulae for Condition Codes: 
N=R7 _ — 
Z = R7*R6eR5eR4eR3eR2eR1°RO 
V=0 
G=1 
Source 
Forms: COMA; COMB; COM (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) Execution Cycle-by-Cycle 
Time Activity 


(Cycles) __|_(See Table #) 


hh = high order byte of 16-bit extended address 
\l= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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C D Compare Accumulator D C Pe D 


Operation: (ACCD)-—(M:M + 1) 


Description: Compares the contents of accumulator D with a 16 bit value at the ad- 
dress specified and sets the condition codes accordingly. The compare 
is accomplished internally by doing a 16-bit subtract of (M:M+ 1) from ac- 
cumulator D without modifying either accumulator D or (M:M + 1). 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result of the subtraction is set; 

cleared otherwise. 

Z: Set if all bits of the internal result are zero; cleared otherwise. 

V: Set if the subtraction results in twos complement overflow; cleared 
otherwise. 

C: Set if the absolute value of the contents of memory is larger than 
the absolute value of the accumulator; cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R15 


V = D15¢M15eR15 + D15¢M15¢R15_ 
C= D15eM15 + M15*R15 + R15eD15 


Source 
Form: CPD (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 
Operand (Cycles) (See Table #) 
CIMM | 1A8S TKK 
| DIR | A930 OT dd 


IND, X 
IND, Y 


jj= high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


ae a ee 
Pext | ABs Tm Pa 
i : 
. 


Definition of Executable Instructions A-51 


C PX Compare Index Register X C PX 


Operation: (IX)—(M:M+1) 


Description: Compares the contents of the index register X with a 16 bit value at the 
address specified and sets the condition codes accordingly. The com- 
pare is accomplished internally by doing a 16-bit subtract of (M:M + 1) 
from index register X without modifying either index register X or 
(M:M + 1). 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result of the subtraction is set; 
Cleared otherwise. 

Z: Set if all bits of the internal result are cleared; cleared otherwise. 

V: Set if the subtraction results in twos complement overflow; cleared 
otherwise. 

C: Set if the absolute value of the contents of memory is larger than 
the absolute value of the index register; cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R15 


V = 1X15¢M15eR15 + IX15eM15eR15 
C = 1X15eM15 + M15eR15 + R15¢1X15 


Source 
Form: CPX (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
(Hexadecimal) Execution Cycle-by-Cycle 
Activity 
(See Table #) 


jj = high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

1|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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G PY Compare Index Register Y C PY 


Operation: (lY)—(M:M+ 1) 


Description: Compares the contents of the index register Y with a 16-bit value at the 
address specified and sets the condition codes accordingly. The com- 
pare is accomplished internally by doing a 16-bit subtract of (M:M + 1) 
from index register Y without modifying either index register Y or 
(M:M + 1). 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result of the subtraction is set; 

cleared otherwise. 

Z: Set if all bits of the internal result are zero; cleared otherwise. 

V: Set if the subtraction results in twos complement overflow; cleared 
otherwise. 

C: Set if the absolute value of the contents of memory is larger than 
the absolute value of the accumulator, cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R15 


Z = R15eR14eR13eR12eR11#R10°R9eR8eR7eR6eR5eR4eR3eR2eR1eRO 
ae M15eR15 + 1Y15eM15eR15 
C=1Y15eM15 + M15eR15 + R15¢elY¥15 

Source 

Form: CPY (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) 


Mode Execution Cycle-by-Cycle 
for Time Activity 
Operand (Cycles) | _ (See Table #) 


[Imm __+|ieec | jkk | 4 ~~*+Y Sd 
[oR | wec_ | di_-| 3 ~~+| 6 | 
mn [a 


| high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Definition of Executable Instructions A-53 


DAA Decimal Adjust ACCA DAA 


Operation: Adds hexadecimal numbers 00, 06, 60, or 66 to ACCA, and may also set 
the carry bit, as indicated in the following table: 


State of Upper Initial Lower Number State of 
C-Bit Half-Byte Half-Carry Half-Byte Added C-Bit 
Before of ACCA H-Bit of ACCA to ACCA After 
DAA (Bits 4-7) from CCR (Bits 0-3) By DAA DAA 
(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) 


Columns (1) through (4) of the above table represent all possible cases 
which can result from any of the operations ABA, ADD, or ADC, with in- 
itial carry either set or clear, applied to two binary-coded-decimal 
operands. The table shows hexadecimal values. 


Description: If the contents of ACCA and the state of the carry-borrow bit C and the 
half-carry bit H are all the result of applying any of the operations ABA, 
ADD, or ADC to binary-coded-decimal operands, with or without an initial 
carry, the DAA operation will function as follows: 


Subject to the above condition, the DAA operation will adjust the con- 
tents of ACCA and the C bit in the CCR to represent the correct binary- 
coded-decimal sum and the correct state of the C bit. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Not defined. 

Set or clear according to the same rule as if the DAA and an im- 
mediately preceding ABA, ADD, or ADC were replaced by a 
hypothetical binary-coded-decimal addition. 


Boolean Formulae for Condition Codes: 


Z= R7*R6eR5eR4eR3eR2¢eR1eR 
C = See table above. 


Source 
Form: DAA 
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DAA Decimal Adjust ACCA DAA 


(Continued) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 


Definition of Executable Instructions 


D E C Decrement D E G 


Operation: ACCX-(ACCX)-01 
or: M —(M)—-01 


Description: Subtract one from the contents of ACCX or M. 


The N, Z, and V bits in the CCR are set or cleared according to the 
results of the operation. 


The C bit in the CCR is not affected by the operation. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if there was twos complement overflow as a result of the opera- 
tion; cleared otherwise. Twos complement overflow occurs if and 
only if (ACCX) or (M) was 80 before the operation. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


V = X7#X6eX5eX4eX3eX2eX1°eX0 = R7eR6eR5eR4eR3eR2eR1¢RO 


Source 
Forms: DECA; DECB; DEC (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) 


Execution 
Time 
(Cycles) 


Cycle-by-Cycle 
Activity 
(See Table #) 


IND, Y 
hh = high order byte of 16-bit extended address 
l!= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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D ES Decrement Stack Pointer D ES 


Operation: SP-—(SP)- 0001 


Description: Subtract one from the stack pointer. 


Condition 

Codes: Not affected. 
Source 

Form: DES 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 


Definition of Executable Instructions A-57 


D EX Decrement Index Register X D EX 


Operation: |!X—(IX)-—0001 


Description: Subtract one from the index register X. 
Only the Z bit is set or cleared according to the result of this operation. 


Condition 
Codes: Not affected. 
Not affected. 
Not affected. 
Not affected. 


S: 
x: 
H 
N: Not affected. 
C 


Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Not affected. 
: Not affected. 


Boolean Formulae for Condition Codes: 


Source 
Form: DEX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
PO 
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D EY Decrement Index Register Y D EY 


Operation: lY —(lY)-—0001 


Description: Subtract one from the index register Y. 
Only the Z bit is set or cleared according to the result of this operation. 


Condition 
Codes: Not affected. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 
Set if all bits of the result are cleared; cleared otherwise. 
Not affected. 
Not affected. 


Os NZzrzrke 


Boolean Formulae for Condition Codes: 


Source 
Form: DEY 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
en ee ee eee: ee 


Definition of Executable Instructions A-59 


E O R Exclusive-OR E O R 


Operation: ACCX-—(ACCX) @(M) 


Description: Performs the logical exclusive-OR between the contents of ACCX and the 
contents of M, and places the result in ACCX. (Each bit of ACCX after the 
operation will be the logical exclusive-OR of the corresponding bits of M 
and ACCX before the operation.) 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N=R7 
Z = R7#R6eR5eR4eR3eR2eR1eRO 
V=0 
Source 
Forms: EORA (opr); EORB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Operand (Total) (Cycles) (See Table #) 

_AIMM | 88 

PADIR | 8 

PAEXT =| 88 

18 A8 


B DIR 8 
B EXT 


88 
B8 
A8 
C8 
BIND,X | &B 
B IND, Y 18 E8 ff 
ii= one byte of immediate data 
dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 
ll= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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F D V Fractional Divide F D V 


Operation: (ACCD)/(IX); IX—-Quotient, ACCD—remainder 


Description: Performs an unsigned fractional divide of the 16-bit numerator in the D 
accumulator by the 16-bit denominator in the index register X and sets 
the condition codes accordingly. The quotient is placed in the index 
register X and the remainder is placed in the D accumulator. The radix 
point is assumed to be in the same place for both the numerator and the 
denominator. The radix point is to the left of bit 15 for the quotient. The 
numerator is assumed to be less than the denominator. In the case of 
overflow (denominator is less than or equal to the numerator) or divide by 
zero, the quotient is set to $FFFF. In the case of overflow or divide by 
zero, the remainder is indeterminate. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if all bits of the quotient are zero; cleared otherwise. 

Set if the denominator is less than or equal to the numerator; 
cleared otherwise. 

Set if the denominator is zero; cleared otherwise 


Boolean Formulae for Condition Codes: 


IX7@1X6e1X5elX4e1X3elX2e1X1¢1X0 


Source 
Form: FDIV 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand 


(Total) (Cycles) (See Table #) 


03 


Definition of Executable Instructions A-61 


| D IV Integer Divide D V 


Operation: (ACCD)/(IX); IX—Quotient, ACCD—remainder 


Description: Performs an unsigned integer divide of the 16-bit numerator in the D acc- 
mulator by the 16-bit denominator in the index register X and sets the 
condition codes accordingly. The quotient is placed in the index register 
X and the remainder is placed in the D accumulator. The radix point is 
assumed to be in the same place for both the numerator and the 
denominator. The radix point is to the right of bit zero for the quotient. In 
the case of divide by zero, the quotient is set to $FFFF. In the case of 
divide by zero, the remainder is indeterminate. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
: Not affected. 
N 


Not affected. 


Z: Set if all bits of the quotient are zero; cleared otherwise. 
V: Cleared. 
C: Set if the denominator is zero; cleared otherwise 


Boolean Formulae for Condition Codes: 


—_——««—_—_—————— i 8 


IX7@1X6e1X5eIlX4e1X3elX2e1X1¢1X0 


Source 
Form: IDIV 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 
Operand (Total) (Cycles) (See Table #) 
LINK Ta 
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| N C Increment N C 


Operation: ACCX-—(ACCX) +01 
or: M —(M) +01 


Description: Add one to the contents of ACCX or M. 


The N, Z, and V condition codes are set or cleared according to the 
results of this operation. 


The C bit is not affected by the operation. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there is a twos complement overflow as a result of the opera- 
tion; cleared otherwise. Twos complement overflow will occur if and 
only if (ACCX) or (M) was 7F before the operation. 

C: Not affected. 


N27" is 


Boolean Formulae for Condition Codes: 


V = X7#X6eX5eX4eX3eX2eX1°X0 


Source 
Forms: INCA; INCB; INC (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Activity 
Operand (Total) (See Table #) 


hh = high order byte of 16-bit extended address 
ll= low order byt of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Definition of Executable Instructions 


N S Increment Stack Pointer N S 


Operation: SP-—(SP)+0001 


Description: Add one to the stack pointer. 


Condition 

Codes: Not affected. 
Source 

Form: INS 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


3 
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N X Increment Index Register X d N X 


Operation: IX-—(IX) +0001 


Description: Add one to the index register X. | 
Only the Z bit is set or cleared according to the result of this operation. 


Condition 
Codes: Not affected. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 
Set if all 16 bits of the result are cleared; cleared otherwise. 
Not affected. 
Not affected. 


Boolean Formulae for Condition Codes: 


Z = R15eR14eR13¢R12eR11°R10°R9eR8eR7°R6eR5eR4eR3eR2°R1¢RO 


Source 
Form: INX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 


Definition of Executable Instructions 


N ¥ Increment Index Register Y N Y 


Operation: lY -—(lY) +0001 


Description: Add one to the index register Y. Only the Z bit is set or cleared according 
to the result of this operation. 


Condition 
Codes: Not affected. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 
Set if all 16 bits of the result are zero; cleared otherwise. 
Not affected. 
Not affected. 


Source 
Form: INY 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 
(Total) (Cycles) (See Table #) 


for 
PINK CT 8B | a 


Operand 
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JMP | Jump JMP 


Operation: PC--—effective address 


Description: A jump occurs to the instruction stored at the effective address. The ef- 
fective address is obtained according to the rules for EXTended or 
INDexed addressing. 


Condition 

Codes: Not affected. 
Source 

Form: JMP (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 


Operand Operand (Cycles) (See Table #) 


IND, X 
IND, Y 


hh = high order byte of 16-bit extended address 
1l= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Definition of Executable Instructions A-67 


J S PX Jump to Subroutine J S by 


Operation: PC -—(PC) +0003 (for EXTended or INDexed, Y addressing) 
PC —(PC) + 0002 (for DiRect or INDexed, X addressing) 
\(PCL) 
SP —(SP) — 0001 
\(PCH) 
SP —(SP) — 0001 
PC —effective address 


Description: The program counter is incremented by 3 or by 2, depending on the ad- 
dressing mode, and is then pushed onto the stack, eight bits at a time, 
least significant byte first. The stack pointer points to the next empty 
location in the stack. A jump occurs to the instruction stored at the ef- 
fective address. The effective address is obtained according to the rules 
for EXTended, DiRect, or INDexed addressing. 


Condition 

Codes: Not affected. 
Source 

Form: JSR (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 
Operand (Total) (Cycles) (See Table #) 
5 ss 


a 
PExT. | BD 
IND, X 


IND, Y 


dd = Low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l!= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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L D A Load Accumulator L DA 


Operation; ACCX-(M) 


Description: Loads the contents of memory into the accumulator. The condition codes 
are set according to the data. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= R7 
Z = R7eR6eR5eR4eR3eR2eR1eRO 
¥Y=0 
Source 
Forms: LDAA (opr); LDAB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 
Operand (See Table #) 


ii= One byte of immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Definition of Executable Instructions 


L D D Load Double Accumulator L D D 


Operation: ACCD-—(M:M+ 1); ACCA—(M), ACCB—(M + 1) 


Description: Loads the contents of memory locations M and M +1 into the double 
accumulator D. The condition codes are set according to the data. The 
information from location M is loaded into accumulator A and the infor- 
mation from location M+ 1 is loaded into B. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

: Not affected. 

N: Set if most significant bit of the result is set by the operation; 
cleared otherwise. 

Z: Set if all bits of the result are cleared by the operation; cleared 

otherwise. 

Cleared. 

Not affected. 


SB 


Boolean Formulae for Condition Codes: 
N=R15 


Z = R15eR14eR13eR12eR11°R10°¢R9eR8eR7e¢R6eR5eR4eR3eR2eR1eRO 
V¥=0 

Source 

Form: LDD (opr) 

Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Viachine 


Viachine Coding 
(Hexadecimal) 


Code Execution Cycle-by-Cycle 
Bytes Time Activity 
(Total (See Table #) 


DC ad 
IND, Y 


jj= high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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L DS Load Stack Pointer L DS 


Operation: SPH-(M) 
SPL -—(M + 1) 


Description: Loads the most significant byte of the stack pointer from the byte of 
memory at the address specified by the program, and loads the least 
significant byte of the stack pointer from the next byte of memory, at 
one plus the address specified by the program. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the stack pointer is set by the 
operation; cleared otherwise. 

Z: Set if all bits of the stack pointer are cleared by the operation: 
cleared otherwise. 

V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


N =R15 
Z = R15eR14eR13eR12eR11°R10eR9*R8eR7eR6eR5eR4eR3eR2°R1eRO 
¥=0 

Source 

Form: LDS (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding 
(Hexadecimal) 


Execution 


Cycle-by-Cycle 


Time Activity 
Operand (Cycles) (See Table #) 
PIMM | OBE S«dYS Ci KK 
a - ae ae ee <  eee 
ext. Ss s| BE Od iil 
ff 
18 AE __ff PT 


jj = high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

\l!= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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L DX Load Index Register X L DX 


Operation: IXH-(M) 
IXL-—(M + 1) 


Description: Loads the most significant byte of the index register X from the byte of 
memory at the address specified by the program, and loads the least 
significant byte of the index register X from the next byte of memory, at 
one plus the address specified by the program. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the index register X is set by the 
operation; cleared otherwise. 

Z: Set if all bits of the index register X are cleared by the operation; 

cleared otherwise. 

Cleared. 

Not affected. 


Os 


Boolean Formulae for Condition Codes: 
N=R15 


Neen end cereal ccesemeeenalitttttlcmneenncliittttt meen ee I 


= R15eR14eR13eR12eR11°R10°R9eRBeR7eR6eR5eR4eR3eR20R1eRO 
=U 


Source 
Form: LDX (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) Execution Cycle-by-Cycle 
Time Activity 


(Cycles) (See Table #) 


= high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

I|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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L DY Load Index Register Y L DY 


Operation: !YH-—(M) 
IYL-—(M + 1) 


Description: Loads the most significant byte of the index register Y from the byte of 
memory at the address specified by the program, and loads the least 
significant byte of the index register Y from the next byte of memory at 
one plus the address specified by the program. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N: Set if the most significant bit of the index register Y is set by the 
operation; cleared otherwise. 
Z: Set if all bits of the index register Y are zero; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N=R15 ° 
Z = R15eR14°R13eR12eR11°R10°R9*eR8eR7eR6eR5eR4eR3eR2eR1°RO 
Vv eed 
Source 
Form: LDY (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Operand (Total) (Cycles) (See Table #) 
jj kk 


jj = high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

11= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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LS L Logical Shift Left LS L 


(Same as ASL) 


<_< sw 


Operation: [C]=——[_[ [| | [ | | | J+—o 
b7 bO 
Description: Shifts all bits of the ACCX or M one place to the left. Bit 0 is loaded with 
a zero. The C bit is loaded from the most significant bit of ACCX or M. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

Set if, before the operation, the most significant bit of the ACCX or 
M was set; cleared otherwise. 


Boolean Formulae for Condition Codes: 


Zr= R7*R6eR5¢R4eR3eR2°R1°RO 
V=NeC=[NeC]+[NeC] 
(the foregoing formula assumes values of N and C after the shift 


operation) 
C=M7 
Source 
Forms: LSLA; LSLB; LSL (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Exeuction Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Opcode (Total) (Cycles) (See Table #) 

PAINH =| = 48 | 
| BINH =| eT 
PINDX = | 68] tf 

18 68 ff 


hh = high order byte of 16-bit extended address 
l= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


A-74 


APPENDIX A 


LSLD 


Operation: 


Description: 


Condition 
Codes: 


$$ 
[e}=—L 1 


Logical Shift Left Double LS L D 


(Same as ASLD) 


——$—$—_—_————— TT 


+—( 


<=-LTTTT{tT tT 
ACCA b0 b7 ACCB b0 


Shifts all bits of ACCD one place to the left. Bit 0 is loaded with a zero. 
The C bit is loaded from the most significant bit of ACCD. 


<NZ7IXO 


© 


Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

Set if before the operation the most significant bit of ACCD was set; 
cleared otherwise. 


Boolean Formulae for Condition Codes: 


Source 
Form: 


Addressing 
Mode 
for 


Operand 


N=R15 
7 = A15eR14eR15eA12°A11R10°A9eRBeA7*R6eR5eR4eR3eR2eR1¢RO 
V=NeC=[NeC]+([NeC] 
(the foregoing formula assumes values of N and C after the shift 
operation) 
C=DS 
LSLD 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Machine Coding Machine 
(Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 
(Total) (Cycles) (See Table #) 
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LS a Logical Shift Right LS = 
a prereenineentirgedecdepesiceseinewainocacsicioieias aie 

Operation: o—»[ TT TT [TT [ ]—~ 
b7 bO 


Description: Shifts all bits of ACCX or M one place to the right. Bit 7 is loaded with a 
zero. The C bit is loaded from the least significant bit of ACCX or M. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Cleared. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, (N is set and C is 
cleared) OR (N is cleared and C is set); cleared otherwise. 

Set if, before the operation, the least significant bit of the ACCX or 
M was set; cleared otherwise. 


Boolean Formulae for Condition Codes: 


Z= R7*R6eR5eR4°R3eR2°R1°RO 
V=NeC=[NeC]+[NeC] 
(the foregoing formula assumes values of N and C after the shift 


operation). 
C= MO 
Source 
Forms: LSRA; LSRB; LSR (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) 


for 


Operand 


Execution Cycle-by-Cycle 
Activity 


(See Table #) 


hh = high order byte of 16-bit extended address 
ll1= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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LS i D Logical Shift Right Double Accumulator LS & D 


- rd 
Operation: 0-=( TTT T1T[1jJ—-LLII[T1TII— © 
b7 ACCA b0 b7 ACCB b0 


Description: Shifts all bits of ACCD one place to the right. Bit 15 (MSB of ACCA) is 
loaded with zero. The C bit is loaded from the least significant bit of 
ACCD (LSB of ACCB). 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Cleared. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the shift operation, C is set; cleared 
otherwise. 

Set if, before the shift, the least significant bit of ACCD was set; 
cleared otherwise. 


Boolean Formulae for Condition Codes: 


N=0 
Z = R15eR14eR13eR12°R11°¢R10°R9eRBeR7eREeR5eR4eR3eR2eR1eRO 
V¥=DpD0 
C= D0 
Source 
Form: LSRD 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
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M U L Multiply Unsigned M U L 


Operation; ACCD-—ACCA*ACCB 


Description: Multiplies the 8 bits in accumulator A by the 8 bits in accumulator B to 
obtain a 16 bit unsigned result in the double accumulator, D. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 
C: Set if bit 7 of result (ACCB B7) is set; cleared otherwise. 
Boolean Formulae for Condition Codes: 
C=R7 
Source 
Form: MUL 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
a ae 


NOTE 
The C bit can be used to round the 16-bit result to 
an 8-bit result as shown in the following sequence: 
MUL 
ADCA #0 
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N EG Negate N EG 


Operation; ACCX=— —(ACCX) = 00 —-(ACCX) 
or: M — —(M)=00 —(M) 


Description: Replaces the contents of ACCX or M with its twos complement. Note 
that the value $80 is left unchanged. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there is twos complement overflow as a result of the implied 

subtraction from zero; this will occur if and only if the contents of 

ACCX or M is $80. 

C: Set if there is a borrow in the implied subtraction from zero; the C 
bit will be set in all cases except when the contents of ACCX or M is 


00. 


<NZ7IXO 


Boolean Formulae for Condition Codes: 


V = R7*#R6eR5eR4eR3¢eR2¢R1¢R0 
C=R7+R6+ R5+ R44+R3+ R2+R1+ RO 


Source 
Forms: NEGA; NEGB; NEG (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 


hh = high order byte of 16-bit extended address 
l1= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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N O - No Operation N O E 


Description: This is a single byte instruction which causes only the program counter 
to be incremented. No other registers are affected. 


Condition 

Codes: Not affected. 
Source 

Form: NOP 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 
Operand (Total) (Cycles) (See Table #) 
a ; 
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O RA Inclusive-OR O RA 


Operation; ACCX-—(ACCX) + (M) 


Description: Performs logical inclusive-OR between the contents of ACCX and the 
contents of M and places the result in ACCX. (Each bit of ACCX after the 
operation will be the logical inclusive-OR of the corresponding bits of M 
and of ACCX before the operation.) 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
: Not affected. 
N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7*R6eR5eR4eR3eR2¢R1°RO 
V=0 
Source 
Forms: ORAA (opr); ORAB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Code Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Operand (Total) (Cycles) (See Table #) 

i 
dd 
paAexT | BAT Cs SP 8 
fof 
ff 

B IMM i 
dd 
phi | 8 
ff ae es ee ee eS ee 
i 3 . 5 


ii= One byte of immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

1|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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PS Hi Push Data onto Stack PS H 


Operation: !(ACCX) 
SP —(SP) — 0001 


Description: The contents of ACCX is stored on the stack at the address contained in 
the stack pointer. The stack pointer is then decremented. 


Condition 

Codes: Not affected. 
Source 

Forms: PSHA; PSHB 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) 


Code Execution Cycle-by-Cycle 


Mode 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
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PS H X Push Index Register X onto Stack PS H X 


Operation:  |(IXL), SP —(SP)- 0001 
\(IXH), SP —(SP) — 0001 


Description: The contents of the index register X is pushed onto the stack (low order 
byte first) at the address contained in the stack pointer. The stack 
pointer is then decremented by 2. 


Condition 

Codes: Not affected. 
Source 

Form: PSHX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
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PS H Y Push Index Register Y onto Stack PS H Y 


Operation:  !(IYL), SP — (SP)-—0001 
\(IYH), SP — (SP) —0001 


Description: The contents of the index register Y is pushed onto the stack (low order 
byte first) at the address contained in the stack pointer. The stack 
pointer is then decremented by 2. 


Condition 

Codes: Not affected. 
Source 

Form: PSHY 


Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
PINK UT 8G 
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ie U L Pull Data from Stack P U L 


Operation: SP-—(SP)+0001 
|tACCX 


Description: The stack pointer is incremented. The ACCX is then loaded from the 
stack at the address contained in the stack pointer. 


Condition 

Codes: Not affected. 
Source 

Forms: PULA; PULB 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
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= U LX Pull Index Register X from Stack - U LX 


Operation: SP-—(SP)+1; tIXH 
SP —(SP) +1; 1IXL 


Description: The index register X is pulled from the stack (high order byte first) begin- 
ning at the address contained in the stack pointer + 1. The stack pointer 


is incremented by 2 in total. 


Condition 

Codes: Not affected. 
Source 

Form: PULX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
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i U LY Pull Index Register Y from Stack ~ ee U LY 


Operation: SP-—(SP)+1; 1IYH 
SP —(SP) +1; 1IYL 


Description: The index register Y is pulled from the stack (high order byte first) begin- 
ning at the address contained in the stack pointer +1. The stack pointer 
is incremented by 2 in total. 


Condition 

Codes: Not affected. 
Source 

Form: PULY 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand Opcode (Total) (Cycles) (See Table #) 
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I O L Rotate Left n O L 
Pa nn ee ee 
Operation: ee OO DS ANE SW _ 


Description: Shifts all bits of ACCX or M one place to the left. Bit 0 is loaded from the 
C bit. The C bit is loaded from the most significant bit of ACCX or M. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the operation, (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Set if, before the operation, the most significant bit of the ACCX or 
M was set; cleared otherwise. 


Sf ze re 


Boolean Formulae for Condition Codes: 
Z= R7*R6eR5eR4eR3eR2¢R1°RO 
V=NeC=[NeC]+[NeC] 
(the foregoing formula assumes value of N and C after the rotation) 
C=M/ 


Source 
Forms: ROLA; ROLB; ROL (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
Time Activity 


for 
Operand (Cycles) (See Table #) 
59 

79 


| 49 
2 a as es 
IND, X po 


IND, Y 18 69 


hh = high order byte of 16-bit extended address 
|= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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RK O | Rotate Right R O a 
operation: [(C] > [1 | 1 | | 1 1 ]— 


b7 bO 
Description: Shift all bits of ACCX or M one place to the right. Bit 7 is loaded from the 
C bit. The C bit is loaded from the least significant bit of ACCX or M. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if, after the completion of the operation, (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 

C: Set if, before the operation, the least significant bit of the ACCX or 
M was set; cleared otherwise. 


= MY 2 ie 5 os 


Boolean Formulae for Condition Codes: 
Z = R7*R6eA5eAd4eRdeR2eRi RO 
V=Ne@eC=[NeC]+[NeC] 
(the foregoing formula assumes values of N and C after the rotation) 
C=MO 


Source 
Forms: RORA; RORB; ROR (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes i Activity 
Operand Operand (Total) (See Table #) 


a ae 
LIND, X | 6 


hh = high order byte of 16-bit extended address 
l= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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RT| Return from Interrupt RT| 


Operation: SP—(SP)+0001, [CCR 
SP —(SP) +0001, [ACCB 
SP —(SP) +0001, [ACCA 
SP —(SP) +0001, TIXH 
SP —-(SP) +0001, TIXL 
SP —(SP) +0001, TIYH 
SP —(SP) +0001, TIYL 
SP —(SP) +0001, fPCH 
SP —(SP) +0001, 1 PCL 


Description: The condition code, accumulators B and A, the index register X, the in- 
dex register Y, and the program counter, will be restored to a state pulled 
from the stack. Note that the X-bit in the condition code register may be 
cleared as a result of an RTI instruction but may not be set if it was clear 
prior to execution of the RTI instruction. 


Condition 

Codes: Restored to the states pulled from the stack. See note above for X-bit. 
Source 

Form: RTI 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
(Hexadecimal) 


Mode Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
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RTS Return from Subroutine RTS 


Operation: SP-—(SP) +0001 
[PCH 
SP —(SP) + 0001 
PCL 


Description: The stack pointer is incremented (by 1). The contents of the byte of 
memory, at the address now contained in the stack pointer, are loaded in- 
to the high order 8 bits of the program counter. The stack pointer is 
again incremented (by 1). The contents of the byte of memory, at the ad- 
dress now contained in the stack pointer, are loaded into the low order 8 
bits of the program counter. 


Condition 

Codes: Not affected. 
Source 

Form: RTS 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 


Operand (Total) (Cycles) (See Table #) 
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S BA Subtract Accumulators S BA 


Operation: ACCA-—(ACCA) - (ACCB) 


Description: Subtracts the contents of ACCB from the contents of ACCA and places 
the result in ACCA. The contents of ACCB are not affected. 


Condition 

Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is cleared; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if there is a twos complement overflow as a result of the opera- 
tion; cleared otherwise. 

C: Carry is set if the absolute value of accumulator B is larger than the 
absolute value of accumulator A; cleared otherwise. 


Boolean Formulae for Condition Codes: 
N=R? 
v= A7*B7eR7 + A7*B7eR7_ 

C= A7eB7 + B7eR7 + R7eA7 


Source 
Form: SBA 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time 


Activity 
Operand (Total) (Cycles) (See Table #) 
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S B C Subtract with Carry S B C 


Operation: | ACCX —(ACCX) —(M) - (C) 


Description: Subtracts the contents of M and the contents of C from the contents of 
ACCX and places the result in ACCX. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 

Set if there is twos complement overflow as a result of the opera- 
tion; cleared otherwise. 

Set if the absolute value of the contents of memory plus previous 
carry is larger than the absolute value of the accumulator; cleared 
otherwise. 


Boolean Formulae for Condition Codes: 


Z = R7*R6eR5eRdeRGeR2eR1° AO 
V = X7¢M7eR7 + X7@M7°R7_ 
C = X7*M7 + M7@R7 + R7#X7 


Source 
Forms: SBCA (opr); SBCB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand Operand (Total) (Cycles) (See Table #) 
ii ne ee es ee ee = ee 
dd ee ee ee ee > ee 
mi | 8 
if a ee ee ee ee 
ff ———2—__|—_3____ 383 
ea |S 2 
2 Tee hee eee ee eee 
mi | 8 
ff a ee ee ee ee 
i Pp 


ii= one byte of immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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SEC Set Carry S EC 


Operation: C Bit—1 


Description: Sets the C bit in the condition code register. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 
C: Set. 
Boolean Formulae for Condition Codes: 
C= 1 
Source 
Form: SEC 
Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for 


Bytes Time Activity 


Operand Opcode (Total) (Cycles) (See Table #) 


oD 
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S E | Set Interrupt Mask S E 


Operation: | Bit-—1 


Description: Sets the interrupt mask bit in the condition code register. When the | bit 
is set, all maskable interrupts are inhibited and the MPU will recognize 
only non-maskable interrupt sources or an SWI. 


Condition 
Codes: Not affected. 
Not affected. 
Not affected. 
Set. 

Not affected. 
Not affected. 
Not affected. 
Not affected. 


O<NZ7IXxO 


Boolean Formulae for Condition Codes: 
a 


Source 
Form: SEI 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
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S EV Set Twos Complement Overflow Bit S EV 


Operation: V Bit—1 


Description: Sets the twos complement overflow bit in the condition code register. 


Condition 

Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
l: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Set. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
V=7 

Source 

Form: SEV 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time 


Activity 
Operand (Total) (Cycles) (See Table #) 
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STA Store Accumulator STA 


Operation: M-(ACCX) 


Description: Stores the contents of ACCX in memory. The contents of ACCX remains 


unchanged. 
Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N: Set if most significant bit of the contents of ACCX is set; cleared 
otherwise. 
Z: Set if all bits of the contents of ACCX are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N= X7 
Z = X7@X6eX5eX4eX3eX20X1°X0 
V=0 
Source 
Forms: STAA (opr); STAB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Activity 
Operand Operand (See Table #) 


B EXT 
B IND, X 


B IND, Y 


dd = low order 8-bits of a direct adddress $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

Il|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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ST D Store Double Accumulator 


Operation: M:M+1-(ACCD) 


STD 


Description: Stores the contents of double accumulator ACCD in memory. The con- 


tents of ACCD remain unchanged. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
ii 
N 


Not affected. 


Set if the most significant bit of the contents of ACCD is set; 


cleared otherwise. 


Z: Set if all bits of the contents of ACCD are cleared; cleared other- 


wise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N=015 
Z= D15eD14eD13eD12eD11°D10eD9eD8*eD/eD6eD5eD4eD3eD2eD1eD0 
v= 
Source 
Form: STD (opr) 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution 


for Bytes Time 
Operand Operand (Total) (Cycles) 


dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll!= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


Cycle-by-Cycle 
Activity 
(See Table #) 
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STO eo Stop Processing STO p 


Description: If the S bit in the CCR is set then the STOP instruction is disabled and 
behaves like the NOP instruction. If and only if the S bit in the CCR is 
clear, the STOP instruction causes all system clocks to be halted and the 
system is placed in a minimum power standby mode. All CPU registers 
remain unchanged. I/O pins also remain unaffected. 


Recovery from STOP may be accomplished by reset, XIRQ, or an unmask- 
ed IRQ. When recovering from STOP with XIRQ, if the X bit in the CCR is 
clear, execution will resume with the stacking operations for the XIRQ in- 
terrupt. If the X bit in the CCR is set, masking XIRQ interrupts, execution 
will resume with the opcode fetch for the instruction which follows the 
STOP instruction (continue). 


Condition 

Codes: Not affected. 
Source 

Forms: STOP 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing | Machine Coding Machine 
(Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


(Total) (Cycles) (See Table #) 
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STS Store Stack Pointer STS 


Operation: M-(SPH) 
M + 1+-—(SPL) 


Description: Stores the most significant byte of the stack pointer in memory at the 
address specified by the program, and stores the least significant byte of 
the stack pointer at the next location in memory, at one plus the address 
specified by the program. 


Condition 
Codes: S: Not affected. 

X: Not affected. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the stack pointer is set; cleared 

otherwise. 

Z: Set if all bits of the stack pointer are cleared; cleared otherwise. 
V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


(SPL7*¢SPL6e*SPL5eSPL4eSPL3eSPL2eSPL1°eSPLO) 
V=0 


Source 
Form: STS (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand Operand (Total) (Cycles) (See Table #) 


POIR- | FT 
dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

l= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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STX 


Operation: 


Description: 


Condition 
Codes: 


Store Index Register X STX 


M —(IXH) 
M+ 1—(IXL) 


Stores the most significant byte of the index register X in memory at the 
address specified by the program, and stores the least significant byte of 
the index register X at the next location in memory, at one plus the ad- 
dress specified by the program. 


Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if the most significant bit of the index register X is set; cleared 
otherwise. 

Z: Set if all bits of the index register X are cleared; cleared otherwise. 
V: Cleared. 

C: Not affected. 


Boolean Formulae for Condition Codes: 


Source 
Form: 


(IXL7@IXL6eIXL5eIXL4eIXL3eIXL2eIXL1¢elXLO) 
V=0 


STX (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing 
Mode 
for 
Operand 


Machine Coding Machine 
(Hexadecimal) Execution Cycle-by-Cycle 


Time Activity 
(Cycles) (See Table #) 


| dd 

hh Il 
dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 


l|= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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STY Store Index Register Y STY 


Operation: M--(lYH) 
M+1+-(IYL) 


Description: Stores the most significant byte of the index register Y in memory at the 
address specified by the program, and stores the least significant byte of 
the index register Y at the next location in memory, at one plus the ad- 
dress specified by the program. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
: Not affected. 
N: Set if most significant bit of the index register Y is set; cleared 
otherwise. 
Set if all bits of the index register Y are cleared; cleared otherwise. 
Cleared. 
Not affected. 


Osh 


Boolean Formulae for Condition Codes: 


(IYL7*1IYL6eIYL5elYL4elYL3elYL2elYL1¢lYLO) 
V=0 


Source 
Form: STY (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 


(Hexadecimal) Execution Cycle-by-Cycle 
Time Activity 
(Cycles) _| (See Table #) 
pOIR | 8 DF | dd 5 
6 
PIND,X | AEF fh 6 
LINDY | 18 EF Yh 6 | 568 


dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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SU B Subtract SU B 


Operation: ACCX-—(ACCX) — (M) 


Description: Subtracts the contents of M from the contents of ACCX and places the 
result in ACCX. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there is a twos complement overflow as a result of the opera- 

tion; cleared otherwise. 

C: Set if the absolute value of the contents of memory are larger than 
the absolute value of the accumulator; cleared otherwise. 


<“N2°i x 


Boolean Formulae for Condition Codes: 


Z = R7*R6+A5eR4eR3eR2eA1eRO 
V = X7*M7eR7 + X7¢M7eR7_ 
C= X7eM7 + M7®R7 + R7eX7 


Source 
Forms: SUBA (opr); SUBB (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 
Operand Opcode (Cycles) (See Table #) 
so | a | 2 
90 pod 
BO a ee er ee ee 5.37 
AO San SOG Oat A NR” aN eee. 
18 AO 
8 IMM Co SSG AA SNS NONE Ree eee AO” ER 
D0 
ro. | hhi | 3. ~+| 4 ~~‘ $e, 
SC | ee 2 
gin.y | weo | | 3 | 5 | 563 


ii = One byte of immediate data 
dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

ll= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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S U B D Subtract Double Accumulator S U B D 


Operation: _ACCD-—(ACCD) —(M:M + 1) 


Description: Subtracts the contents of M:M+1 from the contents of double ac- 
Ccumulator D and places the result in ACCD. 


Condition 

Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there is a twos complement overflow as a result of the opera- 

tion; cleared otherwise. 

C: Set if absolute value of the contents of memory is larger than the ab- 
solute value of the accumulator; cleared otherwise. 


aM 27° ee 


Boolean Formulae for Condition Codes: 
N=R15 


V = D15eM15eR15 + D15eM15¢R15_ 
C = D15¢M15 + M15eR15 + R15*D15 


Source 
Form: SUBD (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Execution Cycle-by-Cycle 
for Time Activity 
Operand (Cycles) (See Table #) 
: 


IND, Y 


jj = high order byte of 16-bit immediate data 

kk = low order byte of 16-bit immediate data 

dd = low order 8-bits of a direct address $0000-$00FF (high byte assumed to be $00) 
hh = high order byte of 16-bit extended address 

1|= low order byte of 16-bit extended address 

ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 


A-1 04 | APPENDIX A 


SWI Software Interrupt SWI 


Operation: PC-—(PC) +0001 
\(PCL), SP —(SP) — 0001 
\(PCH), SP —(SP) — 0001 
{(IYL), SP —(SP) — 0001 
‘(IYH), SP —(SP) — 0001 
{(IXL), SP —(SP) — 0001 
\(IXH), SP —(SP) — 0001 
\(ACCA), SP —(SP) — 0001 
\(ACCB), SP —(SP) — 0001 
{(CCR), SP —(SP) — 0001 
|—1 
PC —(SWI vector) 


Description: The program counter is incremented (by 1). The program counter, index 
register Y, index register X, and accumulators A and B, are pushed onto 
the stack. The condition code register is then pushed onto the stack. The 
stack pointer is decremented (by 1) after each byte of data is stored on 
the stack. 


The | bit in the CCR is then set. The program counter is loaded with the 
SWI vector (address) and instruction execution resumes at this location. 


NOTE 
This instruction is not maskable by the | bit. 


Condition 
Codes: Not affected. 
Not affected. 
Set. 

Not affected. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 


Boolean Formulae for Condition Codes: 
|= 1 


Source 
Form: SWI 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand Opcode (Total) (Cycles) (See Table #) 
14 
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TA B Transfer from Accumulator A to Accumulator B TA B 


Operation: ACCB-—(ACCA) 


Description: Moves the contents of ACCA to ACCB. The former contents of ACCB are 
lost. The contents of ACCA are not affected. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
[: Not affected. 
N: Set if the most significant bit of accumulator A is set; cleared other- 
wise. 
Z: Set if all bits of accumulator A are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N = R7 
Z = R7*R6eR5eR4eR3eR2eR1eRO 
V=0 
Source 
Form: TAB 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
i i a Sy a a a a ee” ee 
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TA P Transfer from Accumulator A to Condition Code Register TA ~ 


Operation; CCR-(ACCA) 


Bit Positions 


ACCA 


CCR 

Carry-Borrow 

Overflow (Twos Complement) 
Zero 

Negative 

I-Interrupt Mask 

Half Carry 


X-Interrupt Mask 
Stop Disable 


Description: Transfers the contents of bit positions 0 through 7 of accumulator A to 
the corresponding bit positions of the condition code register. The con- 
tents of accumulator A remain unchanged. Note that the X-bit in the con- 
dition code register may be cleared as a result of a TAP instruction but 
may not be set if it was clear prior to execution of the TAP instruction. 


Condition 

Codes: Set or clear according to the contents of the respective bits of ac- 
cumulator A. See note above for X-bit. 

Source 

Form: TAP 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding 
Mode (Hexadecimal) Code 
for 
Operand Opcode (Total) 


Cycle-by-Cycle 
Activity 
(See Table #) 


Execution 
Time 
(Cycles) 
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T BA Transfer from Accumulator B to Accumulator A T BA 


Operation: ACCA-(ACCB) 


Description: Moves the contents of ACCB to ACCA. The former contents of ACCA are 
lost. The contents of ACCB are not affected. 


Condition 
Codes: S: Not affected. 
X: Not affected. 
H: Not affected. 
I: Not affected. 
N 


Set if the most significant bit of accumulator B is set; cleared other- 


wise. 
Z: Set if all bits of accumulator B are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 
Boolean Formulae for Condition Codes: 
N=RP 
Z = R7#R6eR5eR4eR3eR2eR1¢eRO 
V=0 
Source 
Form: TBA 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 
a ae 
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T EST Test Operation T EST 


(Test Mode Only) 


Description: This is a single byte instruction which causes the program counter to be 
continuously incremented. It can only be executed while in the test 
mode. The MPU must be reset to exit this instruction. R/W = 1 (READ) 
during this instruction. Code execution is suspended during this instruc- 
tion. This is an illegal opcode when not in test mode. 


Condition 

Codes: Not affected. 
Source 

Form: TEST 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 


* Infinity or until reset occurs. 
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T PA Transfer from Condition Code Register to Accumulator A T PA 


Operation: ACCA-—(CCR) 
Bit Positions 


(S{X{H]!IN[Z|v]c] ccr 
Carry-Borrow 
Overflow (Twos Complement) 
Zero 
Negative 
l-Interrupt Mask 
Half Carry 
X-Interrupt Mask 
Stop Disable 


Description: Transfers the contents of the condition code register to corresponding 
bit positions of accumulator A. The condition code register remains un- 


changed. 
Condition 
Codes: Not affected. 
Source 
Form: TPA 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
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TST Test TST 


Operation: (ACCX)- 00 
(M) — 00 


Description: Substracts $00 from the contents of ACXX or M and sets the condition 
codes accordingly. The subtraction is accomplished internally without 
modifying either ACCX or M. 


Condition 
Codes: Not affected. 

Not affected. 

Not affected. 

Not affected. 

Set if most significant bit of the contents of ACCX or M is set; 
cleared otherwise. 


Z: Set if all bits of the contents of ACCX or M are cleared; cleared 


otherwise. 
V: Cleared. 
C: Cleared. 
Boolean Formulae for Condition Codes: 
N= M7 
Z = M7eM6eM5eM4eM3eM2eM1eMO0 
V=0 
C=O 
Source 
Forms: TSTA; TSTB; TST (opr) 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Code Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes i Activity 
Operand Operand (See Table #) 
| AINH | 40 | 


6D 


hh = high order byte of 16-bit extended address 
ll= low order byte of 16-bit extended address 
ff = 8-bit forward offset $00 (0) to $FF (255) (is added to index) 
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TSX Transfer from Stack Pointer to Index Register X TSX 


Operation: |IX-—(SP)+0001 


Description: Loads the index register X with one plus the contents of the stack 
pointer. The contents of the stack pointer remain unchanged. 


Condition 

Codes: Not affected. 
Source 

Form: TSX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes Time Activity 


for 


Operand (Total) (Cycles) (See Table #) 
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TSY Transfer from Stack Pointer to Index RegisterY TSY 


Operation: IY —(SP) +0001 


Description: Loads the index register Y with one plus the contents of the stack 
pointer. The contents of the stack pointer remain unchanged. 


Condition 

Codes: Not affected. 
Source 

Form: TS¥ 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand Opcode (Total) (Cycles) (See Table #) 
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TXS Transfer from Index Register X to Stack Pointer TXS 


Operation: SP—(IX)—0001 


Description: Loads the stack pointer with the contents of the index register X minus 
one. The contents of the index register X remain unchanged. 


Condition 

Codes: Not affected. 
Source 

Form: TXS 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for 


Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
a |. ee a Pe ee ee ee | 
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TYS Transfer from Index Register Y to Stack Pointer TYS 


Operation: SP-—(lY)-—0001 


Description: Loads the stack pointer with the contents of the index register Y minus 
one. The contents of the index register Y remain unchanged. 


Condition 

Codes: Not affected. 
Source 

Form: TYS 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 


for Bytes Time Activity 
Operand (Total) (Cycles) (See Table #) 
18 35 i es eee 


WAI 


Operation: 


Description: 


Condition 
Codes: 


Source 
Form: 


a — 
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Wait for Interrupt WAI 


PC —(PC) + 0001 

\(PCL), SP —(SP) — 0001 
\(PCH), SP —(SP) — 0001 
\(IYL), SP —(SP) — 0001 
\(IYH), SP —(SP) — 0001 
\(IXL), SP —(SP) — 0001 
\(IXH), SP —(SP) — 0001 
\(ACCA), SP —(SP) — 0001 
\(ACCB), SP —(SP) — 0001 
\(CCR), SP —(SP) — 0001 


The program counter is incremented (by 1). The program counter, index 
register Y, index register X, and accumulators A and B are pushed onto 
the stack. The condition code register is then pushed onto the stack. The 
stack pointer is decremented (by 1) after each byte of data is stored on 
the stack. 

The MPU then enters a wait state for an integer number of MPU E-clock 
cycles. While in the wait state the address bus is $F FFF. The MPU leaves 
the wait state when it senses any interrupt which has not been masked. 
Upon leaving the wait state, the MPU sets the | bit in the CCR, fetches 
the vector (address) corresponding to the interrupt sensed, and instruc- 
tion execution is resumed at this location. 


Not affected. 
Not affected. 
Not affected. 
Set after recognition of an interrupt. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 


WAI 


Addressing Mode, Machine Code (Hexadecimal), and Execution Time: 


Addressing 


Mode 
for 
Operand 


Machine Coding Machine 
(Hexadecimal) Code Execution Cycle-by-Cycle 
Bytes 


Time Activity 
(Total) (Cycles) (See Table #) 


“42 cycles are used beginning with the opcode fetch. A wait state is entered which remains in effect for an in- 
teger number of MPU E-clock cycles (n) until an interrupt is recognized. Finally two additional cycles are 
used to fetch the appropriate interrupt vector. 
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XG DX Exchange Double Accumulator and Index Register X XG DX 


Operation: (IX)-—(ACCD) 


Description: Exchanges the contents of double accumulator ACCD and the contents 
of index register X. 


Condition 

Codes: Not affected. 
Source 

Form: XGDX 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 
Addressing Machine Coding Machine 
Mode (Hexadecimal) Code Execution Cycle-by-Cycle 
for Bytes Time Activity 


Operand (Total) (Cycles) (See Table #) 


Definition of Executable Instructions 


XG DY Exchange Double Accumulator and Index Register Y XG DY 


Operation: (lY)--(ACCD) 


Description: Exchanges the contents of double accumulator ACCD and the contents 
of index register Y. 


Condition 

Codes: Not affected. 
Source 

Forms: XGDY 


Addressing Modes, Machine Code (Hexadecimal), and Execution Time: 


Addressing Machine Coding Machine 
Mode (Hexadecimal) Code 
for Bytes 


Execution 
Time 
(Cycles) 


Cycle-by-Cycle 
Activity 
(See Table #) 


Operand (Total) 
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SECTION 5 
CYCLE-BY-CYCLE BUS ACTIVITY 


This section contains the cycle-by-cycle bus activity information for every executable instruc- 
tion described in Section 4. The information is in tabular form and is organized as referenced in 
Section 4. This information can also be found by the instruction to address mode cross- 
reference table listing provided below. 


mm [oi | ext [nox | wov | wn | na 
- _ = = = 5-1 


5-35 5-61 5-72 


5-73 
5-35 5-61 5-72 
5-34 5-60 5-71 
5-74 
5-73 


5-1 
5-1 
5-1 
5.43 5 50 5 64 5-1 
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EOR 5-20 5-25 5-37 
FDIV 


JMP — 5-36 
JSR 5-32 5-47 


STA — 5-26 5-38 5-52 5-66 
STD - 5-28 5 40 5-55 5-68 
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Table 5-1. Inherent ABA, ASLA, ASLB, ASRA, ASRB, CBA, CLC, CLI, CLRA, CLRB, CLV, 
COMA, COMB, DAA, DECA, DECB, INCA, INCB, LSLA, LSLB, LSRA, LSRB, NEGA, 
NEGB, NOP, ROLA, ROLB, RORA, RORB, SBA, SEC, SEI, SEV, STOP, TAB, TAP, TBA, 
TPA, TSTA, and TSTB 


Opcode Address 
Opcode Address + 1 Irrelevant Data 


Table 5-2. Inherent ABX, ASLD, DEX, INX, LSLD, LSRD, TXS, and XGDX 


Cycle R/W 
f Line Address Bus Data Bus 


r 4. | Opcode Address Opcode 
Opcode Address + 1 Irrelevant Data 
| 1 | SFFFF Irrelevant Data 


Table 5-3. Inherent DES, INS, and TSX 


2 se LT 
2 | 1 |  Opcode Address + 1__| Irrelevant Data | 
Ld ed 


Previous SP value Irrelevant Data 


Table 5-4. Inherent ABY, DEY, INY, TYS, and XGDY 


Address Bus 


Opcode Address 


Opcode Address + 1 
Opcode Address + 2 
SFFFF 


Data Bus 


Opcode (page select byte) ($18) 


Opcode (second byte) 


Irrelevant Data 


Irrelevant Data 
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Table 5-5. Inherent TSY 


Opcode (page select byte) ($18) 


Opcode (second byte) ($30) 
Irrelevant Data 


Irrelevant Data 


Address Bus 

Opcode Address 
Opcode Address. + 1 
Opcode Address + 2 
Stack Pointer 


Table 5-6. Inherent PSHA and PSHB 


Irrelevant Data 
Accumulator Data 


Cycle R/W 

f Line 
at td 
Lt tt 
| 3 | Oo 


Address Bus 
Opcode Address 
Opcode Address + 1 

Stack Pointer 


Table 5-7. Inherent PSHX 


f Line Address Bus Data Bus 
Opcode Address Opcode ($3C) 
Opcode Address + 1 Irrelevant Data 


Stack Pointer IXL (low byte) to Stack 
Stack Point — 1 IXH (high byte) to Stack 


Table 5-8. Inherent PSHY 


R/W 
Line Address Bus Data Bus 


Opcode Address Opcode (page select byte) ($18) 
Opcode Address + 1 Opcode (second byte) ($3C) 
Stack Pointer 


Stack Pointer ] IYH (high byte) to Stack 


Cycle 
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Table 5-9. Inherent PULA and PULB 


bali 
f Line Adress Bus 

| 1 | 1 | Opcode Address 
[4 [ 1 [Stack Pointer + 1 [Operand Data from Stack ——SSCSC~“‘“S*S*“‘“SCSC~*~* 


Data Bus 


Table 5-10. Inherent PULX 


Cycle | R/W 
f Line Address Bus Data Bus 


1 [1 | Opcode Address | Opcode (638 
er 
[4 [1 [Stack Pointer +1 [KH thigh bye) Wom Stack ——SSOSC~“—~S~*~“‘~*~“—*~*~—~—‘—“~S*~*~S~S~S 
fs [1 [Stack Pointer» 2 [IXt llow byte) from Stack ——SCSCSCS~—S—S~“SsS*S~—~—~S~S~SCS 


Table 5-11. Inherent PULY 


Stack Pointer + 1 IYH (high byte) from Stack 
Stack Pointer + 2 IYL (low byte) from Stack 


Table 5-12. Inherent RTS 


Cycle R/W 
Fi Line Address Bus Data Bus 


ae 


[Stack Pointer | iveevant Data 
Pt Stack Pointer + 1 Address of Next Instruction (high byte) 


Stack Pointer + 2 Address of Next Instruction (low byte) 
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Table 5-13. MUL 


Cycle R/W 
f Line Address Bus Data Bus 


| 1 | Opcode Address Opcode ($3D) 


| 2 | 1 | Opcode Address + 1 Irrelevant Data 


|. | et | SFFFF Irrelevant Data 
| 1 | SFFFF Irrelevant Data 
| § | 1 S$FFFF Irrelevant Data 
| 6 ff 1 SFFFF Irrelevant Data 
|e | ft | SFFFF Irrelevant Data 
| 8 ft ot $FFFF Irrelevant Data 
| 9 | 4 | SFFFF Irrelevant Data 
| ww |. | SFFFF Irrelevant Data 


Table 5-14. Inherent RTI 


Cycle R/W 
f Line Address Bus Data Bus 


Opcode Address Opcode ($3B) 
| 2 | Ff | Opcode Address + 1 Irrelevant Data 
|B | A Stack Pointer Irrelevant Data 
fo 4 | 1 Stack Pointer + 1 Condition Code Register from Stack 
ee 


Stack Pointer B-Accumulator from Stack 


A-Accumulator from Stack 
IXH (high byte) from Stack 
IXL (low byte) from Stack 
Stack Pointer IYH (high byte) from Stack 
Stack Pointer IYL (low byte) from Stack 


Stack Pointer + 8 Address of Next Instruction (high byte) 


Stack pointer + 9 Address of Next Instruction (low byte) 


Stack Pointer 
Stack Pointer 
Stack Pointer 
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Table 5-15. Inherent SWI 


Cycle | R/W 
# Line Address Bus Data Bus 


[2 [1] Opcode address +1 [ivelevant DataOOCSC—“—sSs~“—s*S*S*s~“—s*~*~“‘“~s*s*s*s~*S 
[~3[ 0] _Stack Pointer Return Adcress ow by) SSS 
[4 [0 | Stack Pointer —1 [Return Address (high byte) ———SSSSOSCSCSCS~—S 
[5 [ 0 | Stack Pointer — 2 ]IVL (low byte) to Stack ———SSOSCSC~—~—S~—“—S~“—s~“—“~*~“~S~*~*~*~*™S 
[6 [0 | Stack Pointer — 3 _]IVH thigh byte to Stack——SSOSCSC~SCSCSCSCS 
7-0] Stack Pointer = 4] IXL low byte) to Stack 


| 8 | oO | Stack Pointer — 5 IXH (high byte) to Stack 
| 9 | OO | Stack Pointer — 6 A-Accumulator to Stack 


Stack Pointer — 7 B-Accumulator to Stack 
Stack Pointer — 8 Condition Code Register to Stack 
Stack Pointer — 8 


Address of SWI Vector SWI Service Routine Address (high byte) 
(first location) 
Address of Vector + 1 SWI Service Routine Address (low byte) 
(second location) 


Table 5-16. Inherent WAI 


(1 | Ovcode address opcode) ——OSC~“‘*~*s*s~‘“‘“‘“‘<;SCS;2C;SCSCSSSS 
[1 | Geode adaress +1 |Wrelevent Dat) 
[0 | Stack Pointer | Return Address low bye) 
[0 | Stack Pointer — 1] Return Addess (high byte) SSS 
| 0 | Stack Pointer — 2 [IYL(lowbyte)to Stack 
[0 | Stack Pointer — 8 |IVH thigh bvie) to Stack 
[0 | Stack Pointer ~ 4 |1XL low byte) to Stack SCS 
[0 | Stack Pointer = 5 |IKH (high byte to Stack ——SSSOSCS~S~S 
| 0 | Stack Pointer — 6 [A-Accumulatorto Stack —CidzC 
a : 
| oO 


Stack Pointer — 7 B-Accumulator to Stack 
Stack Pointer — 8 Condition Code Register to Stack 


Stack Pointer — 8 Irrelevant Data 
Address of Vector 
(iret location! Service Routine Address (high byte) 
A V 1 : 
CESS Ot al : Service Routine Address (low byte) 
(second location) 
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Table 5-17. Inherent FDIV and IDIV 


Irrelevant Data 
Irrelevant Data 


Cycle R/W 
f Line 


Address Bus 
Opcode Address 
Opcode Address + 1 


Table 5-18. Inherent Page 1 Illegal Opcodes 


IYL (low byte) to Stack 


Service Routine Address (high byte) 
Service Routine Address (low byte) 


R/W 
Line Address Bus 
Opcode Address 
Opcode Address + 1 
SFFFF 
Stack Pointer 
Stack Pointer — 


Cycle 


= 


—_i— 
™~w W }hM 


Stack Pointer 


MD} oO) &| WIN] — 


Stack Pointer — 
Stack Pointer — 
Stack Pointer — 
Stack Pointer — 
Stack Pointer — 7 
Stack Pointer — 8 
Stack Pointer — 8 
Address of Vector 
(first location) 
Address of Vector + 1 
(second location) 
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Table 5-19. Inherent Page 2, 3, or 4 Illegal Opcodes 


Address Bus 


Opcode (legal page select) 
i — 6 

—7 

— 8 

— 8 


R/W 
Line 


Cycle 
f 


Data Bus 


0 


_ 
—_ 


Stack Pointer A-Accumulator 


Condition Code Register to Stack 


7 
9 

1 
4 Stack Pointer 


Address of Vector . ; 
Hives location! Service Routine Address (high byte) 
pimdiene ideo + Service Routine Address (low byte) 
(second location) 


Table 5-20. Immediate ADCA, ADCB, ADDA, ADDB, ANDA, ANDB, BITA, BITB, CMPA, 
CMPB, EORA, EORB, LDAA, LDAB, ORAA, ORAB, SBCA, SBCB, SUBA, and SUBB 


Table 5-21. Immediate LDD, LDS, and LDX 


Opcode Address + 1 Operand Data (high byte) 
Opcode Address + 2 Operand Data (low byte) 
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Table 5-22. Immediate ADDD, CPX, and SUBD 


Opcode 


Operand Data (high byte) 


Operand Data (low byte) 
Irrelevant Data 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 


Cycle R/W 

f Line 
Poa 
Le ot 4 


Table 5-23. Immediate LDY 


Opcode Address 
Opcode Address +1 
Opcode Address + 2 
Opcode Address + 3 


Address Bus 


Table 5-24. Immediate CPD and CPY 


Opcode Address 
Opcode Address + 1 
Opcode Address + 2 


Table 5-25. Direct ADCA, ADCB, ADDA, ADDB, ANDA, ANDB, BITA, BITB, CMPA, 
CMPB, EORA, EORB, LDAA, LDAB, ORAA, ORAB, SBCA, SBCB, SUBA, and SUBB 


Cycle R/W 
f Line Data Bus 
ae 
| 2 | + | Operand Address (low byte) (high byte assumed to be $00) 


ae 


Address Bus 
Opcode Address 
Opcode Address + 1 
Operand Address 
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Table 5-26. Direct STAA and STAB 


Cycle R/W 
Fi Line Address Bus Data Bus 


a Opcode Address 
2 yf 6M Opcode Address + 1 Operand Address (low byte) (high byte assumed to be $00) 
fa |. & | Operand Address Data from Accumulator 


Table 5-27. Direct LDD, LDS, and LDX 


Cail ncnaoened 
f Line Address Bus Data Bus 

|i | 1 | Opcode Address__—[Opcode —“‘“CS*™SCS™C™CCCidC 
| 2 | 1 |  Opcode Address + 1 __|Operand Address (low byte) (high byte assumed to $00) 
| 3 | 1 | _Operand Address__—[Operand Data (high byte) Cd 
[4] 1 | Operand address +1 [Operand Data ow byte) 


Table 5-28. Direct STD, STS, and STX 


Cycle R/W 
f Line Address Bus Data Bus 


Opcode Address + 1 Operand Address (low byte) (high byte assumed to be $00) 
| 3 | Oo | Operand Address Register Data (high byte) 
| 4 | o | Operand Address + 1 Register Data (low byte) 


Table 5-29. Direct LDY 


Cycle R/W 
# Address Bus Data Bus 


Opcode Address Opcode (page select byte) ($18) 
Opcode Address + 1 Opcode (second byte) ($DE) 


Operand Address Operand Data (high byte) 


el el | 
3 | 4 | Opcode Address + 2 Operand Address (low byte) (high byte assumed to be $00) 
3 Operand Address + 1 Operand Data (low byte) 
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Table 5-30. Direct STY 


Opcode Address 
Opcode Address + 1 
Opcode Address + 2 
Operand Address 


Cycle R/W 
f Line 


Ld 
=a 
| 


3 


Operand Address + 1 


Table 5-31. Direct ADDD, CPX, and SUBD 


Cycle 
f 


Line 
|i yi 
za a a 


Address Bus 
Opcode Address 

Opcode Address + 1 
Operand Address 

Operand Address + 1 


Data Bus 


Operand Address (low byte) (high byte assumed to be $00) 
Operand Data (high byte) 


Operand Data (low bYte) 
Irrelevant Data 


Table 5-32. Direct JSR 


R/W 
Line Address Bus Data Bus 


Cycle 
f 


Table 5-33. Direct CPD and CPY 


f Line Address Bus Data Bus 
a a ae Opcode Address Opcode (page select byte) 
| 2 | 4 | Opcode Address + 1 Opcode (second byte) 
| a | ft | Opcode Address + 2 Operand Address (low byte) (high byte assumed to be $00) 
| #* 7) of Operand Address Operand Data (high byte) 
; BE} Ff | Operand Address + 1 Operand Data (low byte) 
| oo | ff | SFFFF Irrelevant Data 
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Table 5-34. Direct BCLR and BSET 


Cycle | R/W 
f Line Address Bus Data Bus 


[1 [1 | Opcode Adcress _-Opeode—SSOS—~—SSCSCSCSCS 
SS im a 
i 


SFFFF Irrelevant Irrelevant Data 
St Operand Address Result pe Oe Data 


Table 5-35. Direct BRCLR and BRSET 


ie R/W 
a Address Bus Data Bus 


a 
oa 

Ts [ 1 | Operand Address [Original Operand Data SSSCSCS~S~S~S 
a a ee a 
Ts [1 | Opcode Address» 3 [Branch Ofer ——SSSOSCSC~—“—~SCSCSCS 
SS A cc 


Table 5-36. Extended JMP 


ae R/W 
ie Address Bus Data Bus 


Opcode Address Opcode ($7E) 
= Opcode Address + 1 Jump Address (high byte) 
| 3 [| 4 Opcode Address + 2 Jump Address (low byte) 


Table 5-37. Extended ADCA, ADCB, ADDA, ADDB, ANDA, ANDB, BITA, BITB, CMPA, 
CMPB, EORA, EORB, LDAA, LDAB, ORAA, ORAB, SBCA, SBCB, SUBA, and SUBB 


Address Bus 


a etme eee 
a ee OT 
[1 [opcode Adaress +2 |Operand Address low byte) SSCS 
[1 Operand Address [Operands —SCSC“~*“S*S*“SSCSC“‘CSCCNC#® 
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Table 5-38. Extended STAA and STAB 


Cycle R/W 
f Line Address Bus Data Bus 


ra | a | Opcode Address Opcode 

| 2 | tf | Opcode Address + 1 Operand Address (high byte) 
es | 1 | Opcode Address + 2 Operand Address (low byte) 
| 4 | Oo | Operand Address Accumulator Data 


Table 5-39. Extended LDD, LDS, and LDX 


Cycle R/W 
f Line Address Bus Data Bus 


Opcode Address 
| 2 | 1 | Opcode Address + 1 
| 3 | 1 | Opcode Address + 2 
as a Operand Address 
| 6 | 1 | Operand Address + 1 


Table 5-40. Extended STD, STS, and STX 


Operand Address (high byte) 
Operand Address (low byte) 


Cycle R/W 
f Line 


ae oe 
ae 
a 
ee 
ee ee 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 
Operand Address 


Operand Address + 1 


Table 5-41. Extended LDY 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 
Opcode Address + 3 
Operand Address 
Operand Address + 1 


Data Bus 


Opcode (page select byte) ($18) 
Opcode (second byte) ($FE) 
Operand Address (high byte) 


Operand Address (low byte) 
Operand Data (high byte) 


Operand Data (low byte) 


Cycle R/W 
f Line 


a ae 
pt 
oe a ae 
ee 
Lh Pssst lil 
ae a 
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Table 5-42. Extended STY 


kf Opcode Address Opcode (page select byte) ($18) 
Pa | Opcode Address + 1 Opcode (second byte) ($FF) 
r-@ | 4 | Opcode Address + 2 Operand Address (high byte) 


Opcode Address + 3 Operand Address (low byte 
Operand Address Register Data (high byte) 
Operand Address + 1 Register Data (low byte) 


Table 5-43. Extended ASL, ASR, CLR, COM, DEC, INC, LSL, LSR, NEG, ROL, and ROR 


Cycle| R/W 
f Line Address Bus 


it | tf Opcode Address Opcode 
[2 | 1 | Opcode Address +1 | Operand Address (high byte) —=~=~“‘“‘*S*<“‘“‘SCS™S™*™*™*™*~™S 
| 3 | 1. |  Opcode Address +2 Operand Address(low byte) 
[4 [1 | __Operand Address | 
[6 [0 | Operand Address | Result Operand Data SSSSCSCSC“C~*~*~S~S 


Data Bus 


Table 5-44. Extended TST 


f Line Address Bus Data Bus 
| 1 | 1 | opcode Address | Opcode 
| 2 | 1 |  Opcode Address + 1 | Operand Address (high byte) 
[3 [ 1 | Opcode Address + 2 | Operand Address low byte) ——=OS~C~“~“~*~*~“‘*~*~*“~*~*~*~*~S~* 
ae 
| 5 | 1 | 
ae 


Operand Address Original Operand Data 
SFFFF 
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Table 5-45. Extended ADDD, CPX, and SUBD 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 
Operand Address 
Operand Address + 1 


Cycle R/W 
f Line 


Table 5-46. Extended CPD and CPY 


Operand Data (low byte) 


Table 5-47. Extended JSR 


Address Bus Data Bus 
Opcode Address Opcode ($BD) 

Opcode Address + 2 Subroutine Address (low byte) 

Subroutine Address First Opcode in Subroutine 


Stack Pointer [Return Address (low byte) 
Stack Pointer 1 Return Address (high byte) 
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Table 5-48. indexed,X JMP 


Address Bus 


| f 1 % | Opcode Address Opcode ($6E) 
| 2 | 4 | Opcode Address + 1 Index Offset 
i SFFFF 


Table 5-49. Indexed,X ADCA, ADCB, ADDA, ADDB, ANDA, ANDB, BITA, BITB, CMPA, 
CMPB, EORA, EORB, LDAA, LDAB, ORAA, ORAB, SBCA, SBCB, SUBA, and SUBB 


bad F-§ AA 
f Line Address Buss Data Bus 

| 1 | 1 |  Opcode Address __—_| Opcode 

ae ae 


| * | (IX) + Offset Operand Data 


Table 5-50. Indexed,X ASL, ASR, CLR, COM, DEC, INC, LSL, LSR, NEG, ROL, and ROR 


Cycle | R/W 
# Line _ Address Bus Data Bus 


[1 | Opcode Address‘ fOpeodeOSOCSCSCSCSC“S~SsS~‘“S~S~S~S 
[1 | Opcode Address +1 [index Ofeet SSCS 
CT [_SFFFF__T ireevant Dat 

[0 [1 + Offset [Result Operand Date ——SSCSCSC~—~—“S*S*S*S*S~—“~*~S*S*S*S 


Table 5-51. Indexed,X TST 


[1 SFFFF__—iielevant Data ——SSSOSCS—C—~—SCSCS 
1 


A- 1 Sis APPENDIX A 


Table 5-52. Indexed,X STAA and STAB 


Address Bus 
Opcode Address 
Opcode Address + 1 


Opcode 
Index Offset 


Cycle R/W 
Ae ee 
Lea 


Irrelevant Data 


Accumulator Data 


(IX) + Offset 


Table 5-53. Indexed,X LDD, LDS, and LDX 


Index Offset 


Address Bus 
Opcode Address 
Opcode Address + 1 


Cycle R/W 
f Line 
1 


ee 
a 
Lai eaicl 
<a 


SFFFF 
/  F | (IX) + Offset Operand Data (high byte) 


(IX) + Offset + 1 


Operand Data (low byte) 


Table 5-54. Indexed,X LDY 


Opcode (page select byte) ($1A) 


Opcode (second byte) ($EE) 
Index Offset 
Irrelevant Data 


Operand Data (high byte) 
Operand Data (low byte) 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 


(IX) + Offset 
(IX) + Offset + 1 


Table 5-55. Indexed,X STD, STS, and STX 


Address Bus 


Opcode Address 


Opcode Address + 1 Index Offset 
Irrelevant Data 


(IX) + Offset Register Data (high byte) 


(IX) + Offset + 1 Register Data (low byte) 
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Table 5-56. Indexed,X STY 


Cycle R/W 
é Line Address Bus Data Bus 


71] 1 | __ Opcode Address | Opcode (page select ove SIA, SCSC~—~S 
3 _| 1 | Opcode Address» 2 [index Ost SSCSC~—“—SCSCSCS 
= 0s Ss SO Ck eee <a Tn meoNRRNR 
| 0 | IX) + Offset + 1 Register Data (low byte) 


Table 5-57. Indexed,X ADDD, CPX, and SUBD 


Cycle R/W 
f Line Address Bus Data Bus 


|g | ft | Opcode Address Opcode 

Opcode Address + 1 Index Offset 

SFFFF Irrelevant Data 

fF 4] 1 | (IX) + Offset Operand Data (high byte) 
(IX) + Offset + 1 Operand Data (low byte) 
| 6 | 1 SFFFF Irrelevant 


Table 5-58. Indexed,X CPD and CPY 


Cycle R/W _ 
f Line Address Bus Data Bus 


mi ae 1 Opcode Address Opcode (page select byte) an 
2 Opcode Address + 1 Opcode (second byte) 
3 Opcode Address + 2 Index Offset 


(IX) + Offset Operand Data (high byte) 
| 6 | 1 (IX) + Offset + 1 Operand Data (low byte) 


_SFFFF. [Irrelevant Data 


td Index Offset 
| 1 | SFFFF __| Irrelevant Data eo re 
ae eee 
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Table 5-59. Indexed,X JSR 


Address Bus 
Opcode Address 
Opcode Address + 1 


(IX) + Offset 


Stack Pointer 
Stack Pointer 


Data Bus 
Opcode ($AD) 


Table 5-60. Indexed,X BCLR and BSET 


Address Bus 
Opcode Address 
Opcode Address + 1 


(IX) + Offset 
Opcode Address + 2 


(IX) + Offset 


Mask Byte 
Irrelevant Data 


Table 5-61 


Address Bus 


SFFFF 


Result Operand Data 


. Indexed,X BRCLR and BRSET 


Data Bus 


Opcode Address 
Opcode Address + 1 


Opcode 
Index Offset 
Irrelevant Data 


Original Operand Data 


Mask Byte 
Branch Offset 


Irrelevant Data 
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Table 5-62. Indexed,Y JMP 


Cycle | R/W 
f Line Address Bus Data Bus 


[a1 [Once Adress = 2 Yindex Ofte ——SSSCSCSC~“~‘“*S*S*S*~‘“~“~“<“<CSCS*tstCS~S~* 
Taf RE iivetevan Ove SSCSC—~—SSCSCSCS 


Table 5-63. Indexed, Y ADCA, ADCB, ADDA, ADDB, ANDA, ANDB, BITA, BITB, CMPA, 
CMPB, EORA, EORB, LDAA, LDAB, ORAA, ORAB, SBCA, SBCB, SUBA, and SUBB 


Cycle R/W 
f Line Address Bus Data Bus 


ft | ff Opcode Address Qpcode (page select byte) ($18) 
. 2 | tf Opcode Address + 1 Opcode (second byte) 


re f | Opcode Address + 2 Index Offset 
| 4& | F | SFFFF Irrelevant Data 
(XM) > Offset Operand Data 


Table 5-64. Indexed, Y ASL, ASR, CLR, COM, DEC, INC, LSL, LSR, NEG, ROL, and ROR 


Cycle R/W 
f Line Address Bus Data Bus 


| 1 [ 1 |  Opcode Address __| Opcode (page select byte) 
Ye Fe | Opcode Address + 1 Opcode (second byte) 

| 3 ft | Opcode Address + 2 Index Offset 

[a [errr «| relevarn Date ——SC*~=“‘“~*S*~‘“‘“‘*S*S*S*SC‘“‘“*S*S*S*~“‘~S~S*~*S 
6 | ot | SFFFF | Irrelevant Data 


7 0 (1Y) + Offset Result Operand Data 
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Table 5-65. Indexed, Y TST 


Address Bus 


Opcode Address 
| 2 | 1 | Opcode Address + 1 
Irrelevant Data 

iW) = Offse 


Table 5-66. Indexed, Y STAA and STAB 


Address Bus 


Table 5-67. Indexed,Y LDD, LDS, LDX, and LDY 


Address Bus Data Bus 
Opcode Address Opcode (page select byte) 
Opcode Address + 1 Opcode (second byte) 


Opcode Address + 2 Index Offset 
Irrelevant Data 


(1Y) + Offset Operand Data (high byte) 


(IY) + Offset + 1 Operand Data (low byte) 
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Table 5-68. Indexed, Y STD, STS, STX, and STY 


Fo. Opcode Address Opcode (page select byte) 
; 7 7 Opcode Address + 1 Opcode (second byte) 
i Opcode Address + 2 Index Offset 


R/W 


Line 


SFR 
(1Y) + Offset Register Data (high byte) 
(1Y) + Offset + 1 Register Data (low byte) 


Table 5-69. Indexed, Y ADDD, CPD, CPX, CPY, and SUBD 


Address Bus Data Bus 


Opcode Address 


Table 5-70. Indexed,Y JSR 


Cycle | R/W 
f Line Address Bus Data Bus 


[1 [1 | Opcode Address [Opcode (page sects) 616) SCSCSC~S~S 
[2 [1}Opcode Address + 1 | Opcode (second byte) (@AD)_——SS 
[3 [1 | Opcode Adress +2 [Index Offset SSS 
es A 
es 
Ts [0 
7 fo 


(1Y) + Offset First Opcode in Subroutine 
Return Address (low byte) 
Stack Pointer — 1 Return Address (high byte) 
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Table 5-71. Indexed, Y BCLR and BSET 


Cycle R/W 
f Line Address Bus Data Bus 


Opcode Address Opcode (page select byte) ($18) 
ie} 4 | Opcode Address + 1 Opcode (second byte) 
[3 _| 1 | Opcode Address + 2 
a 
Cs | 1 
ee 
| 7 { 1 


Irrelevant Data 


| 8 {| Oo | (1Y) + Offset Result Operand Data 


(1Y) + Offset 
Opcode Address + 3 


Table 5-72. Indexed, Y BRCLR and BRSET 


Data Bus 


Address Bus 
Opcode Address 
Opcode Address + 1 
Opcode Address + 2 


f Line 
Pauls Opcode (page select byte) ($18) 


Branch Offset 


Irrelevant Data 


(lY) + Offset 
Opcode Address + 3 
Opcode Address + 4 


Table 5-73. Relative BCC, BCS, BEQ, BGE, BGT, BHI, BHS, BLE, BLO, BLS, 
BLT, BMI, BNE, BPL, BRA, BRN, BVC, and BVS 


Cycle | R/W 
f Line Address Bus Data Bus 


[11] ___Opeode Address 
| 2 | 4 | Opcode Address + 1 Branch Offset 
| 3a | 4a | SFFFF Irrelevant Data 
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Table 5-74. Relative BSR 


Cycle R/W 
f Line Address Bus Data Bus 


1 Ft Opcode Address Opcode ($8D) 

| 2 Opcode Address + 1 Branch Offset 

SFFFF 
| 4 ft 1 | Subroutine Address Opcode of Next Instruction 
Ts [0 | ‘Stack Pomter 
—e [0 | Stack Pointer — 1 


Return Address (high byte) 


Table 5-75. Inherent TEST 


Opcode Address Opcode ($00) 
Opcode Address + 1 
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ASCII CHARACTER SET (7-Bit Code) 


* WOMAN DOH WNH — CO 
>—--<--N<xKXS<CHHDWDOND 


@ 
A 
B 
Cc 
D 
E 
i? 
G 
H 
| 
J 
K 
L 
M 
N 
O 


ml—~——~~-n=< x S$ < Cw HAD DV 


MTMONOWPOMNDANO AWN O 
o73-7*%7--7Q +7 QAO TD 


O 
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Hexadecimal and Decimal Conversion 


How to use: 


Conversion to Decimal: Find the decimal weights for corresponding hexadecimal characters 
beginning with the least significant character. The sum of the decimal weights is the decimal 
value of the hexadecimal number. 


Conversion to Hexadecimal: Find the highest decimal value in the table which is lower than or 
equal to the decimal number to be converted. The corresponding hexadecimal character is the 
most significant. Subtract the decimal value found from the decimal number to be converted. 
With the difference repeat the process to find subsequent hexademical characters. 


COWOAN DOB WN — CO 


NMOADWPWAN ANF WH > OC 


MMNOONDDWPOANANDAWW--O 


0 
1 

2 
3 
4 
5 
6 
7 

8 
9 
A 
B 
j 
D 
E 
F 


ed aD nea ec 
OWN 


ABA 4-16 

Lh 4-43 

ABY 4-43 

Vccumulator 1-15, 1-16 
Vecumulator A 4-9 
Vocumiulator B 4-9 
Accumulator YO 7-6 

VDC A 3-88. 4-16 

ADCB -4-16 

ADDA 1-21, 2-9, 3-41, 4-16 
ADDB 4-16 

NDDD 6-6, 6-12 

Adding List of Numbers 4-38 
\ddress Decoder 7-7 
Address Register 1-16 
Addressing Mode 2-3 
Algorithms 3-41 

ALSD 6-7 

ALL 1-15 

ANDA 4-22 

ANDB 4-22 

Architecture 4-7 

Arithmetic Instructions 4-16 
Arithmeuc Logic Unit (ALU) 2-22 
ASCH 1-9, 3-49 

ASL 3-35, 3-63 

ASLA 4-19 

ALSB 4-19 

ASR 4-19 

ASRA 4-19 

ASRB 4-19 

Assembler Program 3-6 


Assembly Language 3-6 


Is 


BASIC 3-6 

BCC 3-28, 4-27 
BCLR 4-423 

BCS 5-28, 5-41,4427 
BEQ 3-28, 3-41, 4-27 
BGE 4-27 

BGT 4-27 

BHI 4-27 

BHS 4-44 


Binary Code 3-6 

Binary Coded Decimal (BCD) 3-49 
BITA 4-23 

BITB 4-23 

BLE 4-27 

BLO 4-44 

Block Diagram (68HC11) 4-12 
BLS 4-27 

BLT 4-27 

BMI 3-23, 3-28 

BNE 3-28 

BPL 3-28 

BRA 3-12, 4-27 

Branch Instructions 4-27 
Branch to Subroutine 6-21 
Branching 3-9 

Branching Backward 3-18 
Branching Forward 3-17 
BRCLR 4-44 

BRN 4-44 

BRSET 4-44 

BSET 4-44 

BSR 6-15, 6-20 

Buffer 7-7 

Bulfer/Driver 7-7 

Bus 1-6 

BVC 3-28, 4-27 

BVS 3-28, 4-27 

Byte 1-10 


i. 


Calculator 1-7 

Carry Flag 3-25 

CBA 4-23 

Central Processing Unit (CPU) 4-3 
CLC 4-30 

CLI 4-30 

CLR 4-19 

CLRA 3-41, 4-19 
CLRB 4-19 

CLV 4-30 

CMPA 4-23 

COM 4-22 

COMA 4-22 

COMB 4-22 

Compiler Language 3-6 


Index |-3 


Computer Program 3-6 

Condition Code Register 4-10 
Condition Code Register Instructions 4-30 
Condition Codes 3-24 

Conditional Branch Instructions 3-28 
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